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The material presented i n  t h i s  report represents contributions fmm 
m r s  of several orgurirations--the Smar Nuclear Propulsion Office (%PO), 

Aemjet-Gmeral Corporation (AGC), NERdfi Test Operations (no)  as w e l l  as the 
Westinghouse Astronuclear Laboratory (Wd), A t  W L ,  specific sections of 
this report e r e  p m w d  by various departrnts--Reactor Desigl. Control 
S y s t e a  Engineering, Theraal and &clear & s i p ,  Electronics and Imtnmntatim, 
Systems krrlysis, Fuel WvelopPnt, and Test Engineering. Full credit i s  ex- 
tendtd to  these groups f o r  their participation, l?te mfemnces e m r r r t e d  i n  

the bibliography of  this report w i l l  provide pore coqmhetsive information i n  
specific areas of  interest. 
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SECTION 1 

(U) INTRODUCTIW 

(u) SUMMARY OF NERVA PROGRAM 

(u) 
Appl icat ion) program i s  trle develcpment. of a sol id-core nuclear reactor-powered 
f l i g h t  engine f o r  space vehicles. 
system over cnemical-powered rockets, especia l ly  i n  the upper stages of ar! i n t e r -  
planetary mission vehicle, have been we1 1 documented aod requi re na discussion 
here. 
i s  a cont., iaation and extension o f  the K I W I  series o f  tes ts  performed b j  Los 
Alamos S c i e n t i f i c  Laboratory. Both the KIWI and NRX tests  have u t i l i z e d  the t e s t  
f a c i l i t i e s  a t  the Nuclear Rocket Development Stat ion (NRDS) a t  Jackass F lats ,  
Nevada. 

The r v e r a l l  ob ject ive o f  the K2VA (Nuclear Engine f o r  Rocket Vehicle 

The s p e c i f i c  imoulse advantages of such a 

The NRX technology phase ef the NERVA program, which i t ,  now i n  progress, 

(u) 
fol 1 ows : 

The object ives o f  the NRX technology phase o f  t!!e KERVA program were as 

1)  

2 )  

3 )  

4 )  To develop a simple, r e l i a b l e  reactor  cont ro l  system. 
5 )  

6) 

To develop a nuclear reactor  capable of operating a t  f u l l  NRX pDwer 

To evaluate the performance c a p a b i l i t i e s  and t o  demonstrate the 

To provide the necessapy in,ormation f o r  the design of future reac- 

To experimental ly determine the extremes o f  the steady-state oper- 

To demonstrcte the m u l t i p l e  f u l l  power r e s t a r t  c a p a b i l i t y  o f  the 

and temperature (1  123 Mw and 4090'n) f o r  60 minutes. 

s tab le operation o f  the hot-bleed cycle. 

t o r  and eilgine system. 

a t i c g  map of the NRX reactor.  

NRX reactor.  

( U )  SUIIMARY OF PREVIOUS REACTOR TESTS 

(U) Tile reactor  tes ts  performed p r i o r  t o  the NRX-A6 endurance t e s t  ser ies i n  
the NRY t2chnology program are the NRX-A1 co ld f low t e s t  s e r i s ,  unfueled graphi te 
core, the NRX-A2 power t e s t  series, the NRX-A3 power t e s t  5eries, the NRX/EST 
c?ngine system t e s t  series, and the NiiX-A5 power t e s t  szr ies (References 1, 2, 3 ,  
4, and 5, respect ive ly) .  
ized i n  th 's section. 

The r e s u l t s  o f  these previous tes t+  are b r i e f l y  suminar- 

(a Sigp i f i can t  accomplishments o f  these tests  were as follows: 

(U) NRX- A1 

1 ) Ver i f ied  reactor s t ruc tu ra l  i n t e g r i t y  under ra ted pressure loading. 
2 )  Obtained :*eactor performance data under ambient and co ld f low con- 

d i  ti ons . 
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NRX-A2 

1)  

2) 

Provided rigniCicant information for ver i fy ing  the steady-state 

Provided infvmation confirmins tke sui tabi l i ty  of %e reactor f o r  
-sign analysis for power cperation. 

operation a t  the steady-state p o w r  levels and tenperatuses r c q u i d  of the s e x -  
tor as a com0on~r;t of a nuciear mcket-eqine Sjsterri.  

NRX-A3 

1 )  

2: 

3) 
4 )  

Proved the capability o f  the reactor for contincoas nmiw' apration 

Proved the capablii t j  to s t a r t  up f rm a icw-wter, l m - f l w .  steadJ- 

P m v i d d  direct wrformance data on t!!e nozzie aiid ; ) ~ e s s o r e  vesse: - 
Conclusively demns:rated that the reactor is tnhenwt!: smle M 

a t ,  or near, rated power for wire than I3 5niltes w,ia r zq in  for restart. 

s t a t e  operatins conditio- and t o  s h u t d m  free d cedis p e r  level on :iquid- 
hydrogen flw cw.trol on!y. 

l iqu id  hydrogen flaw cmtrol only. 

I f  

S !  

3) 

41 

5) 

Dermstrar2.d Vie F e d i i k i l i y  ef the !mt,->ieed cjc ie  fx transient 
and rteady-state cperatian - 

Gmnstrated the c ipa t i i i ty  c f  t !  W - A  -actor t c  operate a t ,  of 
near, rated conartions fcr a c w l a t i v e  period of aapmximtely 3 minutes, (zn 
addition- the total  eqr; iva-?nt  run t im a t  rat& - m r  was 54-4 ninutes.) 

Demonstrated the su i taa i l i ty  of  coctrol-system concepts and s tab i l -  
i t y  for transient and steadj-state w d i t i o n s  over a i rcdd  am& of the operating 
WP - 

Deno;r,tratci %e mrl t ipjz-rzs t a r t  cagabi 1 i t y  ui t h  various control 
anodes by start ing eight tiws tc an intennediaie peer level and three times to  
rated power. 

Demonstrated the cagability G f  the N U  reactor t c  accomplish bot- 
styap startup a t  a cnmir-tanperiitwe  ram^ a t  or above 1IW'R~sec- 

(U) NRX-A5 

1) 

2) 

3 )  

4 )  

5 !  

The Test Assembly was operated fw- 29-4 mirlutes a t ,  or above, 
chamber temperatures o f  3d003R apd for 22.4 rrtinute; a t ,  cr above, chamber t9m- 
peratures o f  400O"R. 

Cperatic- cf a new eiaht decade neutronic system was demonstrated. 
The neutronic detecton were located on the t e s t  ca:. under the Test Art ic le  and 
used as the neutronic system feedback. 

The reactor was checked out dnd operated a t  rated conditions asSrig 
a temperature control system w i t h o u t  the nelitronics power contml as an inner 

The acceptability of a s t a r t u p  from low power t o  near rctrd conai- 
t i o n s  using programed LH2 flow wi th  drum: i n  a f i xed  position bas demonstratzd. 

For the first time a l i  pcison wires were removed a t  tAe Reactor 
Waintenance, Assembly and Disassembly (R-UD) Buiiding. 

loop. 

1-2 



[GI 
conditions fw a total  accumulated t i t :  o f  for ty  (40; 7.iautes- TUI tes ts  to 
rated conditions were performed. Experimenral P!an I!I ( L P - I i I !  was the first 
d u l l  power t es t .  Shcrtly af te r  reaching the top 01 *he s tar tup  raw of EP-111, 
power oscil!ations o f  + -- 300 rW resuligd f m  a noise siana: frw onf of the 
control thenocwples .  
to the control system and the test cotltinued. 
4000"R nozzle chambr te?cer.iture the t e s t  was terminated when t?e Beei i n  ti?c 
L,i storage dew- reached the 1- ?eve1 Pirrit cut  pc int .  

The p r i m  objective o f  the I rOA-AS t e s t  x o a r a  was t o  3pra:e a t  & s i p  

Thts themcouple wds a u t m t i c a l l y  rejected as dr! input 
After 7.5 ninutes o t ,  cr above 

2 
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The o e r f r m m c z  oC t9e !;CY;-AFj i n t e r n a l  l v  m u r t e d  r e x t o r  ir: t r m n t a t i o n  
w s  .Le l lent -  ?+e zeffi s k i f t s  noted far several a1ffewntjal-m-essum trarlsdccers 
d v j n r l  the full cower runs were exoectec! ard were caused t .j  rurooselv exceeding 
tke ranoe oc the transducers. 
t i - n  b a s  31\0 v1r-r crncd, and described the evvirorlment t!at ex is ted i n  the t e s t  
assemk?y. nPe anOmly which i s  k i n o  investiaat2d i s  t h e  low readin? chamber 

T+e oerfowancp of exte tna l lv  murrted ivstrumenta- 



t-’d:k ‘ 2  cqemocouoles mich occurred durinq t h e  one hour 3ower hold of 
E’-I’;fi. 
C.mx-Wt i v  36M’G, whereas the best Estimte oc chadxr  terroeratum ws i n  the 
r3Ne of 
Could P Q S d l t  fnrr t+e medsu-nt and da ta  rvstm uncertainties- Investigation 
reve3’eC ’sg hardware and‘cr  s y s t ~  anaMlGes that nwlld invalidate the measuw 
t W X r a U l p .  
l o w r  i-q’ts of f lw and t-rature d iz&iht ion  uhich cwld restilt fron a l a d  
cf c m I e  e mixing u i t h i n  t h e  d e r -  

( J X )  C sassemblJ acd post-operetive examination o f  the reactor u s  started on 
2; 3e.cesb.r 1967- 
Tie -esir:’Ls of We disazse&ly and pst-ooerational exminations confirred that the 
llPJ-.\dj mptctor can operate a t  or above rated conditions for 60 m i n u t e s  withoct 
cieleItr:ciz effects M mactor s y s m  cmponents. 
d id  o x u .  h v o r ,  =re the axirl  and circumferential cracks *ich yere found i n  
t!! kryll-m reflector- These :rack d i c h  ccturred near the end of the f u l l  
pmer ho‘d had no sii,nificant effect on any paramter aeasured durins testing- 
fons!b‘*rab)e analysis of t h e  reflector has since been perforwed fm the stand- 
pciqt .if materials prooerties. design requirem?nts and reactor operating param- 
eters. $5 d w s k l t  o f  this analysis. i t  ws concluoed that the cracks occurred 
about ‘MI arnutes before tho end of ~e f u l l  pawet mti and tpsu1ted 6- them1 
stressts in the ref?ector ~ n g s .  

(CRD) Ti.2 xrforsanrw o f  the core r d s  the mst optienist-ic n r u l t  obtjined frum 
t h e  NM-% t e s t .  T+ Interior fuel eleoent and the central elements survived 
*.e f u l l  ! ~ t r  run with 520 structural damage and a smller t!an expected cornsion 
e i g h t  los.,. 

The four thermocmoles :‘ndicated an c?veraqe ch-r tffoerateite of a ~ -  

t o  4400“R- This difference i s  lmyr  than the 100”R difference that 

h l y r i s  i S  orpsentlv 5eiw r?erfxmy! t o  dete-ine t h e  U G W ~  and 

Disasse&!y of a l l  subasseablies uas completed on 3 H a n h  1968. 

h e  significant ana~wly that 

(CR3) TBI tisht core experiment (close elment erlvelooe and average size toler-  
a x e  and selective 3ssenbl-v of central eiemnts) u s  very successful, eliminating 
the problem of fuel eleaent scrface corrosion. 

[ C R t )  
inter-elexnt bonding, niild surfrce corrosion, lm p i n h n l e  densities, lower a id-  
band weight losses dnd higher ho: end knight losses relative to  NRX-A5 and excel- 
1cr.t cormsion * iistance and i n t e g r i t y  of the a f t  unfueled t i p -  The inter- 
element tfindi-s was caused by pyrolytic graphite deposition a t  tbe c o x  mid-plane. 
Except fcr - ea t ing  disassembly probiems, tbis effect was not harmful to the 
BIRX-AG op ration, 

Per“comance L’ ;ne PtU-46 duel elements typically was characterized by 

(CRP)  
apv 3 x ’ m t e l l  one-ten’:? that  of the NRX-AS h e 1  elements. The hat end weight  
lgsses for h t h  thc NRX-A6 and RRX-AS fuel elements e r e  o f  tbe same order of 
mgnitude. F R X - ~ S  demonstrated excellent cwrosion resistance and integrity i n  
tfie a f t  non Some variation jri corrosion perfonnance was noted 
betuee;r tne various matrix-coating batch t y ; s  and w i t h  respect t o  core radius. 
These ’r;7iatiorts were no t  nearly as y-onounced, Rouevet-, as had been observed 
i n  bmvious NiU -actor tests. 

%db:nd m i g h t  1rl;ses of  typical NRX-A6 que1 elements appeared to be 

t i p  joincs.  
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(0) 
%RX-A5 ele.er,ts were agair observed on the peripheral face, of same NRX-A6 
peripheral elevents, altnwgh the fractior; of prripheral NRX-A6 elenonts affectea 
was lwer. The post test analysis 01; the petighetal fuel elements show that  t h i s  
notchins uas due t c ~  h ioh  them1 stresses a t  ttie Deriohera? corners of certain 
fuel elements- 
the c&ined effects of t!w heat floc fmr the core t o  the hat 3offer filler 
strim and unfueled partial elerents, and the cooling effect o f  a high leakage 
flow bebeen the f i l l e r  s t r i a s  a t  Kocatims &ere shiftics cf the eleJlent f i l ler  
str ips created large flow gaps- 

kotcs-type cortosiori xtterns sirilar to  those oOserveG on peripheral 

Tn i s  h igh  t h e m 1  stress  occurtea during startup aad was due to 

(CRD) T?w b e i j b i :  losses observed i n  t !e  ?ibt natrix-additive and Nb resinate 
iqtegnated experimental trlemnts was somewhat higher thar that of c-arable 
core f e J e l  e l e n t s -  
i n  fuel el-t increrental e i g h t  loss- 

(CRD) Chemical and radiocher,cal measurements p e r f o d  on fuel elements ind i -  
cated that there were no signific3nt anmalies o r  asynuetrics i n  radial o r  axial 
f issian distributions throughout th core. The total  i n t e g  ted eneqy generatec 

is equiva?ent t o  66.8 aicutes a t  rated m r  as cosqMred w i t h  53-2 rnl~rrtes for 
W,'EST and 32-4 minnu?.x?s for NRX-AS. 

Flexure  s t m t a t ?  changes corresponded to the axial variations 

i n  the reactor was 1-57 + 0.07 x 10 53 fissions or  4-85 x 10 79 uatt-seconds. This 

(CRD) During the NRX-A6 Wit, a p n e w t i c  control d r i  actuator. similar i n  
design w i t h  actuators to be used i n  the advanced WERVA -actor. was w n t e d  side- 
by-side w i t h  the RRX-Afj reactor t o  obtain data or! the effects of a radiation 
environment  an component performance and operation- 
fonaance occ~med af te r  radiation exposure. The results indicate that  the peg- 
-tic cwtrol drwi acruator w i l l  perfcm as cksigneo i n  a radiation f i e l d  well 
i n  excess of the predicted XE engine f ielo,  and approximately eqgivaletet to mat 
expected M, the itdvarded NERVA reactor- 

Very l i t t le change i n  per- 

(u) 
were (1) demonstration of the adequacy of  the Test Cell "C" emergency LH2 cool- 
d m  system, (2) demnstraticin o f  the capability of the reactor out le t  gas filter- 
ing device (FROG) t o  reduce reactor effluent contamination i n  the imnediate les t  
Cell "e" area dur ing  iN2 pulse coolinq, and (3) determination o f  the reactivity 
worth of the Test Cell "C" fac i l i ty  shield and its effectiveness in  reducing 
radiation exposure demonstrated, 

Several other significant a c c m l i s h m n t s  achieved during the t e s t  series 

!cRD) coHcLus1(rrs (u) 
(CRD) 
significant conclusions: 

The successful completion o f  the NU-& test resulted i n  the following 

(CRD) 1 )  
Of the NRX-M reactor a t  rated conditions. 
(u) 2)  
the Nf2A-M test configuration was developed and verified. 

The rzsolts of the rlRX-A€ t e s t  demnstrated the endurance capability 

A good analog system model for the reactor and Test ctl:  "C" i n  
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(U) 3) Test Nonitor Room operation uas develooed to  give the capability 
allowing continued operation w i t h  a major discrepancy i n  the indicated ?riawry 
control variable. 

of 

(UU)) 4)  
radial flow iagedance a t  the core per iphery  was accoaplished; verificatio?! of the 
applicability of an out-of-pile core p e r i p h e r j  test device was also accoaplished. 
(CRD) 5 )  
i n  the f u t u r e  which u t i l i z e  'hot' f i l l e r  strips and irregular peripheral cluster 
s u p p o r t  devices cdpable of being influe?ced thermally by cooler peripheral flows. 
( C R G )  6 )  The cornbir,ation of improved fuel eiement coating techniques,  across 
f l a t s  dimensional control, attention to  coefficient of thermal expansion, f l a t -  
t e d  core parer d i s t r ibu t ion ,  and changes i n  core in te rs t i t i a l  pressure distri-  
bution msulted i n  marked iirprovecnents i n  core corrosion performance. 
(CRD) 7) Fuel  bore c3rrosion i n p r o v e n t  effor ts ,  priamrily i n  the mid-band 
m g i m  have resulted i n  elerwnts capable of 60 minute me-cycle operation a t  
exit cjas temperatures up t o  4e40'R w i t h  weight losses of approximately 13 grams. 
(CRD) 8) Corparison of NRX-A6 Quality Control corrosion test data and sub- 
sequent paranettic corrosion tests of HRX46 elemnts indicated reasonably suc- 
cessful correlation o f  corrosion test results w i t h  reactor results. Further, 
the corrosim test results indicated that a t  NU conditions, two and perhaps 
more cycles could be tolerated for 60 minutes operating time- 

h n s t r a t i o n  of the capability of a grafoil wrapper to  provide 

Observed damage confined the decision t o  avoid periphery designs 

CtnwMwm 
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(u) 
and mzzle mounted on a tes: car .  
rhieldinj,  cootrols, aqd instrurrentation was ins t a l  led i n t o  the Test Cell ‘C“ 
fac i l i ty  a t  !tP.DS. The Test ‘Le17 “ C ‘  cwplex includes f l u i d  stwage (gaseous and 
l i q u i d  hydrogen and nitrogen, h e l i w ,  and process water), o i p i n g ,  and control 
systems necessary t o  c q l e t e  a test series op. an upward f i r i n g  reactor syste?. 

The YRX-A6 t es t  asse-kl3 censisted of if nuclear subsysten, pressure vessel, 
Tks t es t  assenbly, w i t h  i t s  associated piping,  

(tRD) REACTOR (2) 

(CRD) The NRX-A6 reactor, which haci the same general configuratic, as  the NRX- 
A2 through NRX-AS reactcjrs, was an epi thenal  nuclear reactor consisting of a 
fueled graphite core, surmunded by a beryl l ium reflector assembly, and enclosed 
i n  an aluminun pressure vessel. The principal differences i n  the NRX-A6 design 
from previous reactors was the elimination of the graphite i m e r  reflector and 
consequent modifications i n  core periphery and core lateral  support system, iind 
that  the reactor u a s  supported from the a f t  (nozzle) end. These design differ- 
ences resulted frog two of the NRX-A6 design objectives: (1) that  the reactor 
have a basic structure applicable to reactors o f  greater power density and size, 
and (2) that the core wriphery and lateral  support systeai design lead to  the 
+eduction o f  cor‘  cornsion. 

(CRD) Figwes 3-1 and 3-2 show some details of the mechanical configuration 
and flow paths of the NRX-AS reactor. 
nozzle torus and passes through the 186 nozzle tubes into t h e  reflector i n l e t  
plenum. The coolant is then divided amng channels t h r o u g h  the reflector, con- 
trol drums, and reflector/pressure vessel annulus, is discharged into the reflec- 
tor out le t  plefim, and proceeds through the f i r s t  pass (w-ipheral section) of the 
sinrlated shield into the dome end plenup. 
w i t h  the coolant flowing through the second pass ( cen t1~1  section) of the shield 
and through the flow screens h i c h  assure removal of a r . ~  particles sufficiently 
large to  cause blockage of a fuel clement or i f ice .  The f i i r w  continues throLigh 
the core support plate and into the core in le t  plenm. There i t  i s  divided into 
parallel flow paths through fuel element, t i e  rod, and unfueled partial element 
channels, and laterai  support svstem. Flow distri! ution is approximately 92.2 
percent through the fuel elements, 6 percent through the t i e  rod channels, 9.3 
percent through the unfueled partial elements, and 1.5 percent bypass flow through 
the ?&era1 support system. The eff:uent of these flow s y s t e z  exhausts into the 
nczrle charher, providirlg the r e q u i r e d  mixed man tengerature and flow rate. 
F m  the nozzle chamber the propellant i s  expanded throu,h the nozzle throat and 
er-hausted t o  the atmosphere. 

Coslant enters t h e  t e s t  assembly a t  the 

The directiqn of flow is then -versed, 

(u) 
NRX-A6 reactor components and identify the major design changes from the NRX-A5 
reactor. k more detailed description of the reactor m8y be found i n  References 
6 and 7. 

the following subsections present a brief description of the principal 
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Figure  3-1. (CRL) NRX-A6 Reactor Configci-ation (Uj 
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( C E !  C o ~ e  and Ccre Periphecj (U)  

(CRD) 
and a central ,  unfueled eiement. 
a t i e  rod attac't td t o  the support plate. 
element and was connected t o  a support bloch a t  the a f t  end of the c lus te r .  
I r regu la r  c lus te r  assernolia were used a t  the core periphery. 
elerrents and f i l l e r  s t r i p s  completed the cy l i nd r iLa l  shape of the core a t  i t s  
pe r i  phery . 

The NRX46 core was nominally :nark up o f  c l t ls ters  o f  s i x  fue l  elements 
Each c lus te r  was supported a x i a l l y  by means of 

The t i e  rod passed through the cent ra l  

P a r t i a l  unfueled 

(CRD' 
s t r i p  breakage t h a t  occurred i n  the NRX-A5 reactor, several design modi f icat iovc, 
bere incorporated i n t o  the N R A - A ~  core periphery. Hot bu f fe r  f i l l e r  s t r i p s  were 
usecl v i t hou t  coolant holes and w i th  niobium carbide (NbC) coat ing on the rad ia l  
outward facing surface. grapni t e  pyrof3i  1 wrapper covered the outside surface 
o f  the f i l l e r  s t r i p s .  Forty inch long pyrographite i nsu la t i ng  t i l e s  were placed 
outboard o f  the wrapper and held i n  p l i c e  by the l a t e r a l  support seal forces 
(Figure 3 - 3 ) .  
staggered layers of 5-?/2 m i l  th ick  pyro fo i?  w i th  24 sheets i n  each layer.  
,,yrofoil was designed t o  e l im ina te  r a d i a l  i n f l o w  from the periphery and the cor2 
intere;ement gap thereby reducing f i l l e r  s t r i p  corrosion and e l im ina t ing  thermal 
stress cracking o f  the peripheral f ue l  elements. 
chamber pressure t o  be increased, thereby increasing bundling pressure on the core, 
reducing ivterelernent gaps and thus reducing sever i ty  o f  p inhole corrosion. 
t o t a l  average bundiing q f  about '0 ps i  was produced using cont ro l led  flow through 
the peript-sry seals, i n  cont;;arison t 9  the NRX-A5 f i l l e r  s t r i p  bundling o f  about 
15 p s i .  Testing a lso  showed tha t  the p y r o f o i l  wrapper on the external surface 
of the f i l l e r  s t r i p s  was e f f e c t i v e  i n  impeding r a d i a l  i n f l ow  and could bridge 
gaps witnout tear ing  due t o  tb.e pressure drop across the wrapper. A 3 t o  5 4 1  
s l i p  plane o f  p y r o f s i l  was placed betweeii the coated fuel periphery and the f i l l e r  
s t r i p s  to  provide a reduced c o e f f i c i e n t  o f  f r i c t i o n  f o r  r e l a t i v e  motion betwcen 
the f ue l  and f i l l e r s .  

To rci-iirnize fue l  element corrosion and t o  avoid the ho t  buffer f i l l e r  

The wrapper extended from Sta t ion  12 t o  52 and consisted o f  s i x  
The 

The wrapper perrzitted seal 

A 

( u )  
system as shown i n  Figure 3-1. 

Radial cons t ra in t  o f  there components was achieved by the l a t e r a l  support 

( u >  By cornparis??, NRX-A5 d i d  no t  have a p y r o f c i l  s l  i p  p l a w  o r  wrapper, and 
only 120 degrees o f  the periphery were covered w i th  p y r o t i l e s  external t o  the 
f i l 3 e r  s t r i p s .  
f i l l e r  s t r i p s  as i n  p r i o r  NRX reactors. 

The remainder o f  the peripbt-ry had pyrGt i les  i n te rna l  t o  the 

(,RD) 
shutdokn t rans ien t  condit ions , the average steady-state gap between f i l l e -  s t r i p s  
(Stat ion 12 t o  48) was increased fr.Jm 0.000; inches (NRX-A5! t o  approximately 
0.0530 inches. 
f i l l e t  s t r i p5  even during emergenc:. snutdown. A?so the minimum gap becween %he 
f i l l e r  s t r i p  key-ways WJ forwayd ledge o f  the keys on the elements was made equal 

-:a insure thd t  the f i ? l e r  s t r i p s  could survive the expectea s ta r tup  and 

Thi - was expected t o  minimize c i r can fe ren t i a l  b r i d j i n g  between 

ss ib le  betwzen the a f t  end o f  the f i l l e r  s t r i m  and the sup- 
a l l y  loading 

t o  the maxikuin p 
gor t  ledges. Th 
the forward edge 

s was designed t o  prevent the f i l l e -  s t r i p s  from a x  
of the keys by providing adequate a x i a l  clearance. 

e 
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(CRD) 
ends of the f i l l e r  s t r i p  had entered the core i n l e t  plenum between the core sup- 
Dort  o l a t e  and forward ends o f  the f i l l e r  s t r i p s .  These p a r t i c l e s  became lodaerl 
between the core sLpport p l a t e  and c lus te r  p la te,  u l t imate ly  r e s u l t i n g  i n  severe 
l oca l  overheating and accelerated corrosion o f  a fue l  element and support block. 
I n  the NRX-A6 reactor, a p a r t i c l e  catcher was incorporatc:  a t  the i c l e ?  epd c ?  
the core periphery t o  e l iminate t h i s  po ten t ia l  problem. 
catcher i s  shown i n  Figure 3-4 and consists o f  numerous metal f inger  sprinp 
trapped against  the a f t  side o f  the m r e  support p la te  by a bo l ted ne ta l  t.7 
Stress analysis o f  the p a r t i c l e  catcher ind icated t h a t  the c:earirnce betwe< 
segment, of the partic:e catcher was suFf ic ien t  t o  prevent interference d w l  . 
reactor  operation. 

I n  the NRX-,PS reactor tes t ,  p a r t i c l e s  o f  graphi te from broken forward 

The design of t he  pa i* " ic l t  

(CRD) Fuel S u s t e r  Support Blocks (U) 

( U )  I n  p r iv ious  reactors,  the support block extended a f t  o f  the t i e  rod. 
This extension o r  " s k i r t '  was l i n e d  w i th  a pyrographite cup, and the combination 
of s k i r t  ana cup provided the necessary thermal protect ion o f  the t i e  rod and 
support blocks . 
(CRD) The support blocks used i n  NRX-A6 were " s k i r t l e s s "  and protect ion cups 
i;.ade of graphite-niobium carbide composite and a pyrographite cup were used t o  
7i.otect the t i e  rod ends which would otherwise be exposed t o  the core e x i t  tem- 
perature and f low environment. Tungsten protect ion cups and pyrographi t e  cup; 
were used f o r  the i r r e g u l a r  c lus te rs  a t  the core peri;Jntl.ry a m i  f o r  the e x i t  gas 
thermocouples. The tungsten and composite r ,uy wzre used f o r  the f i r s t  time i? 
the NRX-A6 reactor.  

(CRD) Fuci Elemeiit (U) 

(CRD) Changes from NRX-A5 i n  the design o f  the roguiar  f u e l  elements, consisted 
of: (1 )  changa i n  fuel loading, (2 )  f ue l  e l e w n t  coatings, and ( 3 )  f ue l  raw 
materi  a1 s and processing. The core had fourteen load i ng zones which required 
eleven separate fuel loadings ranging from 132.4 grams/element (enriched t o  93.15 
percent U-235) t o  23.9 grams/element. The increased number o f  loading zones was 
designed t o  provide minimum v a r i a t i o n  i n  power density across the core, thereby 
reducing pressure di f ferecces between bores t o  decrease pinho; i ng. Niobium car- 
bide (NbC) channel coating thickness was decreased t o  imprave NbC adherence and 
crack d i s t r i b u t i o n ,  and molybdenum overcnating was applied on fue l  element chan- 
nel  bores t o  reduce midband corrosion. New improved requirenents were added t o  
the f u e l  element speci f icat ions t o  make the elements Inore uniform. 
ments consisted o f :  (1 )  a tolerance on the trans erse c o e f f i c i e n t  o f  thermal 
expansicn l i m i t i n g  the range t o  2.54 - + 0.24 x lo- '  in./ in.-"R (NRX-A5 nominal 
rariged from 2.5 t o  2.8 x 10-6 in./ in.-"P), and thus minimizing thermally induced 
stresses and the opening o f  hot  end gaps due t o  d i f f e r e n t i a l  growth; (2 )  t i g h t e r  
dimencfonal tolerances o f  both the fuelea and unfueled elements by reducing the 
acrozs f l a t s  tolerance f o r  a l l  fueled elements, except two coated per ipheral  rows, 
from + 0.001 t o  0.007 inches, and c o n t r o l l i n g  across f l a t s  s ize  f o r  fueled and 
unfuele i  element?, w i t h  and wi thout  coating, t o  an average o f  0.7530 + 0.0001 
inches , and thereby improving core bund1 i ng by reducing i ndi v i  duc.! element s i  ze 

These require- 
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uariarion; :3: changi:?g tye criipr. ; t izaticm cycle fro-; ,2SC’.C 
fsr 3 h o u r s  t o  assure x r e  “nafom. sle-k?rlL ~ i z i * . ‘  *?t i::f.r’oved dfmnsional s tabi l -  
<t i ;  ( 4 )  Todiricbtion nf the iue’ elerent a f t  t2 . t  Cror.: the undEi’Cut to tapered 

fuli body leahage using 10 1).s1;g a’r:  t o  reducc porous flow throilgn t he  “atrix;  
[ 6 )  jmproved cFap?ite flour blend based OR sl2:tric furnacc tests f o r  irrqmved 
corrosion perfornance; ( 7 )  use 3f .in?Corr! fGel Leads fror iirqle supplier f c r  
imrwed corrosion CErfo-ance; 2nd ( 8 :  increased flexure s t r e x j t h  f rc r  4 V 0  + 
53C psi f o r  NRX-A5 ‘0 5lOC + 500 f o r  ?,RX-Ab fo r  increcsed desfgrl 5-rbctural margin.  
To prcvide a perf,?: .lance ev?luation G f  the variations i n  f ue l  processjng between 
iest’cgkouse (dNC3) processed fuel ele.re;ents and C3k Ridge (Y-12) fuel elements. 
d s ta t i s t ica l ly  Cesiped Fuel e1et-z-t ?erfom.ancz eiporiment was incorporated 
i n t o  the core. ?he elemntb used were extruded acd coated 3 t  both WNCO and Y-12 
u t i ? i z i n g  f o w  extrusion-coating combinations. I n  a d d i t i o n .  e l m n t s  made K i t h  
various new coa.Lir.gs and r-iew fuel Ratrix corpssitions were included ir! the cwe. 
Tne soecific placerent of sle‘mnts uithic tine core is given Ea Reference 6. 

1 hodr  t o  2202°C 

cmfi ~ i l r a t i o c  ; (5) t c = j ’ :  . . z a t i o n  3f 3 ;ess Fernejble Fatrix (17G cc /n iv  . .aximrn f w  

(iRD) Reflector ( E )  

(CRD) 
and av outer qdlirrder m d e  up o f  twelve fuli-length, k r y l l i u c  sectors. 
tinns o f  these two reflectors here con:Sin?d i n  t+e single NRX-AS re f lec tw.  
adaiticn t o  i t s  nuclear f u r c i i o n ,  the reflector was a major structural component 
i n  that i t  contained the ccntrc; drum, housed the lateral  support system springs 
2nd + i u q r t - s  ar;d t rmsr i t ted  the axial cow load fnm the s q p o r t  plate to the 
nozzle flange as show-i i n  F i g u r e  3-1. 

Previous NFX-F, reactors used tko ref lectors : an i mer, qrapni t e  cy1 inder, 
The func- 

I n  

,C2C) ?e ref?ector asseroly consisted cf three identjcal annbiar beryllim 
r tngs  stacked to fom a contSn;rous cylinder 52 inches h i g h  with an IO of 27.b62 
ar.d 00 of 49.460 inches. 
edge a t  t h e  &c;-n’ard ent of the reflector t o  support the core via the core suoport 
plate. 
the reflectcr t o  the nozz!e, prov id ing  tne support f o r  the reflector and the core 
i n  the jwessure vessel. Eighteer! t i h n i w i  t i ?  bolts ax ia l l j  clamped together the 
tnree berylliun stacked rings, ac, well LS a t t x h i r i g  thz core support ring apd the 
act  er.0 suppcjrt  ring. 

9 t i t a n i m  core s u p p o r t  r i n g  extended f r o m  the inner 

The a f t  end sbpoort rin? exteded fro7 the i n n e r  ec’ge a t  the a f t  end sf 

-. 
( 5) 
5.300 inch diamter hoie; fcr  the ior.trol drums a!id coolafit holes sprs3d t h r o q h -  
ou t  the - cross sectiorl, w i t h  a greater number o f  coolant holes a t  the inner pe r iph -  
cry. 
those used in tne N H X - K .  

liere -.;ere sever?.i axis! wnetr8t :ons i n  the re f ;ec tw includinq the 

tne corltt’o~ drurrs usad ;n  the C:KY.-ki. r e x t o r  ~ 2 r - e  essentially tE:e sane as 

( 2 )  
the  nozzle tubes. P a r t  o f  :+is f:gi.i wa; verted t o  the presscire .:esse1 annulus 
where i t  cogled tke pressure vessel and :ne out5ide o f  the reflector. 

The reflector assembly has cw1erJ by byaroyen after the propellant l e f t  

The baiance 
o f  the coolarlt floded through holes i n  the rccfiec-f- A ;at;-:, : drum. 



( C R Q )  The inside diameter cf t,tle berjl!i?rffi cylifil??r has 24 c- :TwfeEnt ia l  
groobes uhich locate and s g w x t  t h e  k t e r  seal seqmnts ;seal ricusj of the 
24 n;..rs 2f the core Xriphery seals. The ]ateta; su?port seal seper:t> ?m 
s h m m  i7  Figure 3-5- 
lapping sepents  ana const5ts c l  both. an ififi:r T i n s  sealing against @.e core 
periphery, and an ou'er r ing  sea-?ing agalnst the reflecior. 
vents are fastened t o  the reflector n i t h  i d t d f * - .  ecadja? penctratinns i n  the 
ref?ec+,or provide housing for the laterai support plunger asswt i ies  s h m  j n  
Figure 3-5. 
t o  the design of the seal rings, a wedgfng iictior: takes c.!ace which forces the 
inner seai segrents aaai:,>t h e  core Detipheq 4t.C t9e x t e r  sei1 s e q m t s  
against the reflector. 
the core underwent therm1 expansion. Lateral suFport was accorP?ished by c c i i  
springs which exerted fcrce on the core outer diarr ter-  Force was transni t ted 
from the sgrivcs LO the inner <ea? s e p n t i  by p'lmger pins. Sl=L.es and Teals 
uere placed 3rous.d Vie Flmger t ins  *.ere they intersected axial caolant So'es 
near the inrir surface of the reClectof. 
redlectcr coolant <FOG jeaking into the ram periphery- 

Ea;k core perisietj. seal t ics is wde up oL twelve over- 

The outer seal seg- 

T u 0  glungers beat agairist e x 4  rc+et l t  o f  the ?mer seal  rinqrc, DUE 

Thus contact (ana thewfore :-x sea') was ma:'nta;ried as 

These sleeves ar,C seals prevented 

f u )  Holes, drilled in tne seal ssg-nts. pt3vided cantroiled coo?ant flow 
t6rouot the iatetal  S U ~ Q O ~ :  5~s- and maintained the d e s i d  axial p~ssr ire  
profile t o  insure adequa'k core bunciing. T!m? ra ts  of heavier s p r i n g s  a t  the 
forward end were used t o  reclace tae bundling band- Lateral support i n  previous 
HRX-A reactors used a t i t a n i u m  bunCling band a t  the top of the rPactcr as well 
a seal rcncs of recbngu'.ar cmss section and leaf springs tawed i n  the inner 
mdl ecbr. 

(CRD) 
the forward end, and :ie r 'ods,  a: shw. in Figure 3-1. The 289 %el cluster t i e  
rods extended through ar,d attachcc t o  tne S i 1 c q m - t  olate. ne suppor t  plate uss 
attached to the beryl?i-w i-ef!ector aeserC!g bq means rjf the fomard eqd suD?ort 
r i n g .  The reactor xas attached t o  tne prer,sute vessel by six *?lector tie b l t  
standoffs and t h e  reflector a x i a l l y  loaded Sy K% z;:LzTe thtoiigh the a f t  end 
s u p p o r t  r i q ,  as s h m  in Ficure 3-6- IQ the hR1-45 rsactcr, d 2,- end s ~ p p a r t  
r ing ,  connected ?XI the forward vesse? flange, suppcrted the reactor- 

( L i  5hie:d and Screen Assecbl_v 

(I21 
simulate the f l r m  characteristics c.f 3 raaiation siielO ir: the & P .  reacLcrs as 
was Cone i n  p r io r  reactors. 
as i t  left the reflector and p r n s ~ ~ r e  vessel G R L ~ G S -  

The fiRY-A6 core MS supgurtzd axially by mans of a C O W  s u p p o r t  plate a t  

A d m d  alwinm reolacemnt sh ie ld  has  ljced i n  ~ 3 t i  ?.?_U-& reactor t o  

TQe m?lacement s h ' e i d  was coa'ued by the pmpeliant 

i v f  
shie ld ,  and hole: dri l led i n  the snte:d, C+re-ected t h e  coolant leavinu t ce  reCec- 
tor  and psessurp vessel annulus to t h e  dome end -f the pressure wssel.  

Rnriirlar passases amuna thc 2 v . r  Crive s ia f t s  alorq tne periphery of the 

The 
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coo;ant t hen  flowed tt.,rough holes i n  the central part of the s h i e l d  in the direc- 
tior. o f  t h e  support plate and core. Individual screens en? placed a t  the a f t  
end of each of the second pass holes i n  the s9:eld; here they served t o  m G v e  
particles fm. t+e propellant. F igure  3-1 S h M  the wield and individual screens. 
The reactor d i f fe red  frm !Gg-i'-ri ir, t h t  i t  rontaiwd me l a 5 -  particle 
screen k-en the shield ma support plate. 

(I_! h e  t z s t  &aci! !ty uszd a t  &R9S to conduct the KRX-M test 5 b - i  - -  us the 
Pest Cell 'C :*qlex. Cryogenic, gaseous. hydraulic, pneurratic and electrical  
Sjs'm am prstided a t  Test Cell "C" t o  supfort eit'er RRX o r  Phoebus type reac- 
to r  testing a t  t h i s  faci l i ty .  
yirmry function is given below. A mre complete descriJtion of a l l  Test Cell 
"C s ~ s t e s r  car: be: found i n  Reference 8- A scheaatic of the basic Test Cell "C" 
flom system i s  shcm i n  Figurrt 3-7, 

(4 Pmpe'llant feed S y s t e ~  (1 Sysrerr i n  figure 3-7; 

(L; :+e LE2 prop?l )ant f e d  systm. consisted of ,  ( 7 )  b a r s  1 and 2, (2) the 
v a s m  jacaeted p ip ing  fm the -ars t o  t!!e turbopmp, [3)  the tirbopiap assm- 
k??. and (4: the vaam jacketed piping from the tu- to  the t e s t  car in t e r  
face. 

A brief description of these system and their 

(i) 
the r e q u i r e d  f \ m  rates and oressures and t o  D r o v i d e  L!; tc the Turbine Energy 
Source (ES; exmanger f o r  turt ine drive usage- 

3 e  primary funct;on cC the syster was to deliver L?Q t o  the reactor a t  

[ - I  

%.cars 1 anC 2. Tie total  oeliverabie c3pacity fm. botn of these vitam 
jacketed r J e ~ r s  wils appmxir-atelj l.S122?0 c*llons or 5N.000 l b  of lii2 men 
pressurized up to a mxima of 75 p s i g .  
cif the r e 4 ~ i ~ x m t s  for a one hour mn af an NRX-A tJw zistem- 

( ; I  
bortles o r  the TfZ i q  older to  raintaiq the required net  pasitive suc t ion  head 
a t  the turbo- assee;? inlet. 

T i  Park X l Y  tumoDuq!s, mounted i n  pataIJe1, were available for  increas- (L! 
ir,q t h i s  ~ressure to the r e w i r e d  levels- 
c a y t l e  of delivering 165 lbisec w i t h  a prrw discharge pressure o f  1800 psi a t  
31.G00 3, well ai;obe the mxrmx hRX-A6 reqlrirenents. 
(Yo. 21 was used for NRX-Ab, w i t h  t h e  line t o  the otber oump blocked- 
was a five stage gascws hjdrogen tu rb ine  capable of operating a t  22,000 W. A t  
tne outlet  of t h e  turbogum some Lt?z nas bled off and fed thmugn an LHz/hot 
uater counterflaw heat exchanger or  Twbine Energy Source (TcS) t o  produce suf- 
f ic ient  araient tmpernture GG 

conditions.  approximtely E . 3  ?L/rec o f  LH wes bled fm the main  propellant 
feed system to supply the TES, w'tile 72 Ib?sec kas being de1iverea t o  the reactor. 

The liquio hytrogerr riqai;_y for the prooellant feed systm uas stored Kn 

Tnis capacity is substantially i n  excess 

The frewars rere pressurized t o  aspmxirately 75 p i g  by the Gri2 storage 

- cach turboputq consisted of a p w  

Hence, only one p q  
The turbine 

to arive the twbopmp asse-bly. A t  NRX-d5 rated 

(Tf i IE PF.GE IS L'TXLXSIFIED) 
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Figure 3-7. (U) Tezt Cell "C" Flon 
Schematic 
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The gaseous hydrogen reauired as the ecergy source f o r  the trrrbopwrp was i n i t i a l l y  
supplied from the gaseous hydrogen storage bo t t l es .  However. once a s tab le boot- 
strap operation uas conpleted, the tu rbopuq was dr’vei; by GHs f r om thc TES. Dur- 
i n g  the WRX-A6 f u l l  power test ,  the turbopump operated a t  approximately 23,500 R P H ,  
vCIile de l iver ing a t o t a l  f l o w  r a t e  o f  ?I2 lb/sec a t  a puac3 discharge pressure of 
940 psig and a speci f ic  speed cf 1200. 

(u) The main propel lant  l i n e  frocr the turbcpulnp t o  the reactor contained two 
ventur is f o r  f l a w  determination, LF-10 and BF-13. 
miin propel lant  l i n e  cobtro l  valve L-11 and a Qass l i n e  c m t a i n i n g  valve L-111- 

( u l  
a spec i f i c  swcd loon was pmvidec!. 
bypass punp f l o w  t h r o u y  the pump bypass valve L-209 t o  maintair  a constant r a t i o  
o f  puap f l a w  r a t e  t o  speed; thus providing s u f f i c i e n t  s t a l l  margin for the turbo- 
pccpp during normal operation. The turbopump Specif ic $peed Control i’alve (L-209j 
was located i n  5-inc9 l i n e  which branched off fm the gump discharge l i n e  
i d i a t e l y  dolllmstreaii o f  the turbine f l o w  meter (HF-691). This valve was used 
i n  conjunction w i t h  the spec i f i c  speed control  loop t o  operate the pump a t  a 
preselected spec i f i c  speed by i e n t i n g  the required quant i ty c f  l i q u i d  hydrogen 
t 3  the main f l a r e  stack. During the NfU-A6 f u l l  power t e s t  aoproximately 30 l b i  
sec of  LH2 was ven ted  to the f l a r e  stack t o  maintain a s w c i f i c  speed of 1200- 

(U) 

(U)  the TES heat exchangers and 
associated p ip ing and components, (2 )  the vacuum jacketed p ip ing fm the pump 
discharge p ip ing t o  the TES i n l e t  ran i fo ld .  (3! the discharge p ip ing from the 
TES o u t l e t  manifold t o  the turbine i n l e t  cont ro l  valve (H-60), and (4)  the i n i t i a l  
turb ine d r i ve  system which included the p ip ing  fm the b a r  pressur izat ion 
header to the ?ES d ischaqe piping. 

(U) The primary funct ion o f  the s y s t e r  was t o  Orovide s u f f i c i e n t  ambient 
temperature gaseous hydrogen t c  d r i ve  the turbopump assembly. The GH2 could 
be used interchangeably w i t h  the GHz from the tank farm, except t h a t  the tank 
farm had a f ixed capacity l i m i t  &-ereas the TES was l i m i t e d  only by tfae a v a i l -  
abi l i ty of hot water- 

Downstream o f  LF-10 was the 

To insure t h a t  the ti,-t>opump operated away fm. the pump s t a l l  region, 
The funct ion c f  tile contro l  systw n a i  t o  

TurbSne Drive System (d Systm. i n  Figure 3-7) 

The turb ine d r i ve  systcc?, consisted of ,  (1 

(u) 
? and 2 during bootqtrap operations. 
system was the turbine energy source (TES) which was an L t9 iho t  water counter flow 
heat exchanger. 
discharge l i n e  and supply the ambient GH2 t o  d r i v e  the turbine. 

(U) 
p a r a l l e l  - 
gaseous hydrogen a t  approximately 520‘R. Tne temperature o f  the water leaving 
the heat exchangers w a y  approximately 80°F. The pressure o f  the GH2 being supplied 
t o  t h e  turbine control  valve H-60, frcw the heat exchangers, was approximately 
100 psi  less than the pump discharge pressure. 

A secondary funct ion was t c  Drovide GH for  the pressur izat ion o f  Oewars 
The p r i d r y  cwpanent of the turbine d r i ve  

Its function was to vaporize ,he LH2 being b;ed fm the pump 

The TES u n i t  consisted of four heat exchanger sections connected i n  
Each section was designed t o  vaporize 12 -5 lb/sec o f  LH2 aod produce 
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( V I  During NRX-A6 tes'cizs, the TES was to supply approximately 6.9 lb/sec of 
GH2 for  t u r b i n e  d r i v e  and approximately 0.7 1b:;ec of GH2 f o r  Ikwar pressuriza- 
t i o n .  Only two heat exchanger sections o f  the TES were required t o  deliver this 
total GH2 f l o w  ra te  of 7.6 lb/sec. The water flow rate  to  each of these two 
sections was approximately 1000 gpn! bile the other two sect ims were set up for 
bypassing 100 gpn of water each. Therefore, the total  TES water usage rate for  
R U - A 6  t e s t i n g  was to be approximately 2200 gpm. 

( u )  
(d! 
h i g h  pressure Dewar 3, (2 )  s i x  GH7 iillage bottles, (3) the gas l ine from the 
ullage bottles to Dewar 3, (4 )  ttt; gas l ine fron: valve X-50 to  the ullage bottles,  
(5) the min 8-inch vacuum jacketed LH2 propellant l ine from Dewar 3 to the main 
LH2 pwpe11-s.lt feed line, and (6) the Dewar 3 f i l l  line from Dewars 4 and 5. 

(U) The primary function o f  the h i g h  pressure LH2 coaldown system was to  
provide LH2 cooling to  the reactor i n  the event that an emergency shutdown 
occurred a -  any time a f t e r  the =tar tap of the run prr>file u n t i l  the in i t ia l  cool- 
d m  peri - $ was over. This system was also used dur ing  NRX-A6 testing t o  provide 
t!!e i n i t i a l  cooling t o  the reactor following a normal prosrimed shutdown. 

High Pressure L H ~  Cooldm System ( X  System i n  Figure 3-7) 

The h i g h  pressure LHz coo?down system consisted of ,  (1 )  an 8,000 gallon 

( u l  
t ion of run t ime  and pwnp discharge prcssure. ,ne pressure ?MIS automatically 
increased by pressure control valve X-53 during the ramp up t o  f u l l  power and 
rianually irxreased during the f u l l  power Qperation. 
tne pressure i n  t'ie ullage bottles and dewar was vented to atmosphere. 

(b) The h i g h  pressure LH2 Cooldown System ut i l ized an open valve (X-3) con- 
cept w i t h  Dewar 3 riding on-line. 
ta ined lower than t h e  pump discharge ressure, the pressure i n  the main Propellant 
feedline he ld  the check valve (X-11)03! closed. Had the p u m ~  discharge nressure 
sudder,ly decreased to  a value less than the pressure i n  the h igh  pressure 3ewar 
a t  any time during a run, the check valve (X-1003) would have opened and LH2 
coolant flow would have been provided to the reactor from Dewar 3. 
malfunction would have scramned the reactor as a result  of a loss of flow s h u t -  
down (FSD). 

?he pressure i n  the ul lage bottles and &t.-ar 3 was progrmned ac a func- 

D 4 n g  a normal shutdown, 

5ince the Dewar 3 pressure was always main- 

T h i s  type of 

(u) ',ccuml ator System 

(u) 
l ine  imnediately downstream of the turbopump discharge check vaive frt? thr specific 
purpose of mducing the pressure oscillations cr "water h a m r "  effects t h a t  could 
occur as a result o f  several types of accidents flow shutdown. T h i s  modifica- 
ticn was made based on CAM studies o f  flow shutdown. Without the accumulator, 
these pressure oscii lations could violate the m i n i m u m  nozzle flow require'nents 
and consequently cause nozzle burn-out. Flw fror? the X system i s  init iated 
ttzraush check valve X-1003 as SOOR as the ,:din wooellant l ine pressure f a l l s  

A 10 cubic foot gas accumulator branched into t h e  main propellant fepd 
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below the demand level r equ i r ed  t3 prevent nozzle tube  burnout. Flow from Dewar 3 
continues u n t i l  i t s  discharae pressure t a i l s  Celw the 100 psig level o f  Dewars 4 
a i d  5 .  Since the programnea Dewar 3 pressure f o r  the 2000"R hold of Experimental 
Plan I11 (EP-111) was less than 100 ps ig ,  the h i g h  pressure Dewar was not used f o r  
t h i s  shutdown. I t  WIS ilsed, however, d u r i n g  the EP-IIIA shutdown fo r  a period of 
22 seconds following r eac to r  scram a t  2500"R chamber temperature. 

(u) Low Pressure LH? Cooldown System ( K  System i n  Figure 3-7) 

(U)  The low pressure LH2 cooldown system consisted o f ,  (1)  Oewars 4 and 5 ,  
( 2 )  the vacuurr; jacketed p i p i n g  from the Dewars t o  valve K-6, (3) the mixing chavber, 
and ( 4 )  the foan insu la ted  piping from check valve KC-1006 t o  the w i n  LH2 propel- 
lant feedline.  

The primary function of this system was t o  provide LH f o r  reac tor  cool- 
down f o r  3 subs tan t ia l  period of time imnediately following t e in i t i a l  coolant 
flow from the h igh  pressure Dewar system. This system provided approximately 
37 minutes of LH2 coolant t o  the r eac to r  during the NftX-A6 cooldown. 

(U: 
w i t h  a combined t o t a l  de l iverable  capacity of approximately 58,000 pounds of LH2 
when pressurized t o  160 p s i g .  
KF-5 and controlled w i t h  analog control valve K-6. 
ambient GH2 i n  the mixing cnarnbtr t o  provide ''CoId" gaseous hydrogen t o  the reactor. 

(U) 
concept w i t h  Dewar 4 and 5 r id ing  on-line.  
held the chec!: valve (KC-1007) closed. 
shutdown, LH2 coolant flow would be continued from these Dewars a f te r  the pressure 
i n  Dewar 3 dropQed below the pressure i n  Oewars 4 and 5 .  

(u) 
(U)  
vaporize\ s and 311 p ip ing ,  mlves instrumentation and cont ro ls  necessary to  pro- 
vide either cold gaseous or l i q u i d  nitrogen t o  the reac tor  during decay neat 
removal operations. 

(U) 
down a f t e r  the 9 0 " R  GH2 was no longer required. 
sequence, LN2 cooling of the reac tor  was i n i t i a t e d  a t  58.3 minute; a f t e r  s h u t -  
down and continuous flow was min ta ined  f o r  approximately 17 minutes. 
cooling was t h e n  provided t o  the reac tor  un t i l  75 hours a f t e r  snutdown. 

E (u) 

Dewars 4 and 5 a re  vacuum jacketed, perlite insulated,  spherical 9ewars 

The LH2 cmld be mixed w i t h  
Flow from these Dewars was measured a t  venturi 

The low pressure LH2 Cooldown System a l s o  uti l ized an open valve ( K - 7 )  
The h i g h e r  pump discharge presaure 

Following ?n emeracncy o r  normal flow 

LH7 Cooldown System (N System i n  Fiqure 3-7) 

The LNz Cooldown System included three L::2 Dewars, tu': reac tor  cooldown 

For NRX-A6, LH2 pulse cooling bas t o  be used d u r i n g  f i n a l  r eac to r  coo:- 
During the NRX-A6 cooldown 

LH2 pulse 

The t o t a l  LN s tc rage  i n  Dewars 6, 7, and 8 was approximate':: 580,000 
Design pressure of t h s  int.?mal vessel was is0 psis, 5 (u) 

pounds a t  minus 320" . 
with  the external j acke t  designed to  f u l l  vacuum. 
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Astronuckat 
laboratory 

(u) 
bas an integral p a r t  of the LN cooldown systerll and was located on the F?ow Con- 
trol Room roof. The RCV was a6 L N  /hot water counter flow heat exchanger. 

Process Water Storage tank suppl ied"at 660"R. 

( U f  Gds Systems (GH7, GN7, GHe-G and Q Systems i n  Figure 3-71  

(u) The gas systems included ambient hydrosen, nitrogen, and he1i.m. 
system was available for preGurging, cooldown, LH2 Dewar pressurization, and fc r  
i n i t i a l  turLine drive. 'The G N 2  system was used fJr post-test reactor cooldown 
and purging. t e s t  cell area purg ing  and inerting, pressurization of the process 
water tank 3nd LN Gewars, activation of remote control valves, and cooling o f  

purgc., post-test reactor cooldown and purge, purging of various l ines and &wars, 
a3d cooling o f  reactor instrumentation. 

( U j  Borated WaterIShield System 

( u )  The borated water (BHZO)/shield systerr! consisted o f ,  ( 1 )  the mix ing  t a n k  
and agitator,  ( 2 )  the BHzO storage tank (BUT), (3)  four heat exchangers, ( 4 )  two 
h o t  kater heaters, (5)  two heater pumps, ( 6 )  one circulating pump, ( 7 )  one privy 
pump, ( 8 )  two shield pumps, (9)  the 360 degree shield, and (10) a l l  associated 
p i  p i  ng and instrumentation. 

The Reactor Cooldown Vaporizer ( R C V )  vent used for convertina LN t o  GN2, 

LN2 was supplied to the RCV from the L 6 - Dewars a t  14G"R w i t h  hot water from the 

The GH2 

variws instrumen f ation. The gaseous helium system was used for  pt-e-test reactor 

( u )  
of the Test Cell, and tile primary function o f  the flow system was to provide an 
adequate flow o f  BHzO t o  the privy roof and the reactor shield halves for neutron 
protection and cooling purposes. A mixture of borax and boric acid was used t o  
give a solution of sodium pentaborate having a pH of 6.8 which  wuld act  as a 
neutron absorber and therefore provide protection for tne tes t  cell wall and the 
equipment inside the privy. T h i s  system could be operated d u r i n g  s t a r t u p ,  power 
runs and cor\,down (normal and emergency). Figure 3-8 i l lustrates  the shield and 
support  system i n  place. Each half 3f the shield consisted of four ( 4 )  inter-  
locking aluminum tanks w i t h  five internal passages which acconmodated the total 
shield flow o f  approximately 4500 gpm of the borated w?ter solution. The floh 
rate used was sufficient t o  maintain shield material temperature well within 
reasonable 1 i mi ts . 

The primary function of the 360 degree sh ie ld  was to reduce activation 

(U )  
shield halves and privy roof in the event of loss of the pr ivy  and/or shield 
pumps due t o  a power failure.  The flow, which decayed exponentially, was pro- 
vided by the s t a t i c  head in the borated water tank aed flowed to drain via the 
pumps, shield halves and privy roof. 

(CRD) 

( U )  
control systems i s  given i n  t h i ;  sec t im.  
requirements o f  f lex ib i l i ty ,  safety, re l iab i l i ty ,  and performance. 

The BH$ system had the capability of 7roviding a gravity flow ts the 

CONTROL SYSTEMS AND SAFETY SYSTEM (U) 

A description o f  the reactor control systems, safety systems, and fac i l i ty  
These systms were designed t o  meet the 
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(CRD) 

(u> The wacto: control  system coiisisted o f  two basic loops, a power o r  tem- 
pernture loop which cont ro l led  the pos i t ion  of the contro l  drums iind a flow loop 
wt,ich cont ro l led  the pos i t ion  of the turb ine power ccn t ro l  valve (H-60). A block 
diagram of the control  s y s t m  i s  shown ir Figure 3-9; a m r e  de ta i l ed  descr ip t ion 
and schematics o f  the c m t r o l  system may be found i n  Reference 9. 

- Reactor Control Systen ana Safety Systea ( U j  

( c m j  ' impeyature Control (U)  

(8 )  
perature control :er lJSed dur ing NRY-A5. 

The NRX-A6 ternperdtur;. c o n t m l l e r  was s im i la r  t c  the "no-f lux" Imp tem- 

(u) The temperature con t ro l l e r  changes drum pcs i t i on  i n  response t o  e r r o r  
Detween demanded temperature and the average of 4 nGiZle chamber thermocouple 
w a d i  ngi. 

iu) The t e ~ p e r a t u r e  deirand, temperature Cleasured, and temperature t r i m  were 
s u m d  t o  produce a compensated tevperature E r r Q r .  
converted t o  a cont ro l  drum ve loc i t y  demand. This l a t t e r  s ipnal  was fed t o  tire 
cutput  amp l i f i e r  which converted ttle ve loc i ty  detrand t c  a drum pos i t i on  demand. 
':he temperature t r i m  w?s a manual adjustnent 0- the programed demand with ar-! 
adjustnent range o f  + 500"k. A 45 degree/sec l i m i t  on maximum arum ve loc i t y  a t  
thc output o f  the te6peratut-e con t ro l l e r  was u t i l i z e d .  

This e r r o r  s i g n a l  was ther: 

( 3 )  
requirements o f  good t rans ien t  response and sin611 s t a t i c  e r ro rs  a t  the high end 
(4090"R) and adequate s t a b i l i t y  nargins a t  the ?ow end (2'50'R) o f  its operat ing 
racge . 

The temerature contro l  1 e r  des i an has a compromise between conf 1 i c t i  ng 

(CRD) 
back s ignal ,  the average o f  ten themocouoles located i n  unfueled elements of the 
~ O P -  a t  Stat ion 26. 

cion o r  powt! m t r o l .  

Provis ion was ndde f o r  the con t ro? ia=  t o  operate w i th  an a l te rna te  feed- 

T h ' s ,  among several other options, cculd have been selected 
The other  options were d i r e c t  control o f  drum posi- , the Chi-" Test Operator. 

(U) - Power Contro? 

(u) The NRX-.46 pcwer con t ro l l e r  was s im i la r  t o  tha t  used dur ing NRX-A5 except 
tha t  tke temperahre t f i F  was eliminated. 
powers below the ope7ating range o f  the temperature contro l  l e r  (pre l iminary tes t -  
i ng  and during s tar tup t o  f u l l  Dower), and 3s a backup cont ro l  mode f o r  h igh power 
operation i f  the temperature c o n t r o l l e r  fa i?ed.  

This cont rc l  mode was t~ be used a t  

( 9 )  
produce B compensa+?d log power e r ro r .  
becore a contro l  drum ve:ocity demand. 
ampl i f ie r  which coqverted the ve1c:'ty demand t o  a drum pos i t i on  demand. 
power demand could Le e i t h e r  manual o r  p r o g r d m d .  The ;ower t r i m  was a mnua l  
aajustment of the prcgramned power w i th  an adjustment range o f  a fac to r  cf 2 of 
the dematiaed pcwe:. ( i / 2  t c  2 ) .  

Los power derand, l og  power measured, and powe., t r i m  were s u m d  t o  
T h i s  e r r o r  s ignal  was then in tegrated t o  
The ve loc i ty  demand was fed t o  the output 

'he l o g  
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Figure 3-9. (U) NRX-AS Control Sysm 
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( 2 )  
detectors. ';he selection criteria were such t k i t  t h e  control signal was ne'ther 
the highest or t h e  ?west of L ~ c  four, t';iis protect ing tke s~stez f r a  a fa i lure  
of 3 single c'mnel, 

(2) The log wer control systm was ac eight-decade rysteiii wiaict~ covered the 
range frun 3b;t 100 Watts to 10,006: ?%. The eiCht $eczaes were taiefi frw akzut 
the michle of t i e  Rine decade Ioq m ? i d i e t  {i-e-. a c t  112 decade m ea& end 
cf the eight  decades 1 - 
(U) 
f a r  t!!e power scrm circuits {fixed paer, floating p e r ,  p-ogramed aawes, and 
wried j - 

The cor.tm:leC chamel was a u t w t i c a l l y  selectea f m  a q r w p  of four 

Tne maiured lw pcmr signais fm? t h e  individual channels were bee6 

UJ) 
ate reattor operation. !r. t h i s  node. ,h: COntPj l  dwns are progrimed slou?y 
throtigh t4e crit;ca; d ~ m ,  j s s i t i cn  and wen 2 orese!eclted 
the pcm~r caitrol mile i s  ammiitically selected. 

Rn ai,tomatic s t a r t u p  cmtrc .  aodz siwiljr t o  Y2X-kZ trzs Drovided t o  i n i t i -  

level is attained 

iu) Dnn, Positicn Contro? 

( c  f 
to gang -a tro i  YES that  bc dv~ris cwld be " h q x d "  Imt controlled! to 180 OF 
0 degrees w i t h  the other drum i n  gang positioa? coatrol, 

(uf The output a q ' l i f i e r  o f  the pwer or  t m r a t u r e  controller (saw wli- 
fier! besame a u n i t y  gain amplifier *hen t h e  9 s i t j o n  control mde was selected- 
The G P ~  psitior! derrand [either ;?anual c r  prograamed; was sulilmeo w i t h  measured 
dmn posizion,  ramal trim, and "zero offset" sisnals t o  produce m e m f  s ignal -  
Thfs errcr signal was sent to the actuator servo aaplifier- 

The drum wsition control for  W - A 6  was qarq cwC,mI. me m e  exception 

( G I  Tie control drum3 bere scramed by an actuator scram rela;. between the 
anpl i f ie r  and actuator sew0 of each control d m  actuator- T h i s  relay was 
norma\?y eneqize6. A scram de-energized the relay, thus connectin9 the actuator 
Servo t o  L:te scram battery which cacsed the servo to drive the d m  i n -  Each 
actuatGr had a rzparate battery- 

(ul  Lisi ters 

w 
wed i n  temperature and power control, b u t  not i n  positicjn c o ~ t m l .  
erlter the control spstec upstrean o f  the  oirtput amplifier of the o w r  or tempera- 
ture controller. The timiters were s i m i l a r  t o  those used i n  NRX-A3. Station 26 
taqerature was the aneasured tenperatare input t o  the teaqerature l imiter-  

Power and t q x r a t u r e  t imiter j  were grovided far NRX-A6 unicta could be 
The lirriters 
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i *  .L- 1 Fiok ContrJl 

i L  1 

(h-62: positiczn. A swcifiz speed 1003 pmtecttd tke pium from cperaticn i n  tke 
stall region c;f the ping; operatirzg ?nap- 

Tne f l ~ h  control a t  Test Ce?l "C': t.as c,iaila* t~ that used a t  Test Cel! 
u . 4 4  

f i  . The ti- conZro1 i o o ~  conisisted o f  i m e r  ~GOPS ci iW?t and t u r b i n e  valbe 

(2;  
flow rate,  and the error converted t o  ap VI! deiand, Either this RF?! denand ct 
a manual ?IW demand was c q a r e d  w i t 9  ipcasured WN 606 th: 2rrOr canvert-ed to  a 
change ir; turbine control valvt (V-6G! p x i t i n r .  E i % h w  this Cemnd o r  I manual 
5-62 - s < ~ $ G s  sezzr?d d s  compared t o  .Tasur;d pasitian. k i t h  the ;xsL;lt be ing  tho 
demanded change i n  3-63. The fim ra te  used f c t  cmtrc; bas measured a t  a fiow 
kenturi h i c k  Wi downstrean of the pump alra the bypass liw fcr the TES. 
Oias was incorporated t o  a:?- stable puq! aperaticn until a flaw rate scttable 
for control u s  obtained. 

Tne riok rare asand (orogro-0 or  . l a n ~ ; a l )  was sumned w' ib  measured 

flou 

i u )  
cantnl system opened & bypass valve ; L - l C 9 )  dornstreani of the pu!q if thz ratio 
cf puiq flok ra te  to pwac speed becam? '3x1 s~idi!  - 
OJ! Fz;low-up ampl:fiers were (ncorporated so *.ec the mx~a! denand modes 
o f  flow, RPR:, and ri-60 position - e r e  not being  used the rmnu3l demand followed 
the massred parameter- 
modes kith niiriimm transient effects- 

To prevect operaticrl of che tiir-boymg :n t h e  s t a i l  reqion an autwat ic  

Ermt meters were imwposated to al?on switching bebeen 

%actor Si  r ~ 1  a t  .: on 

4 reactor sirailator uas provided to ass i s t  i n  checkout of the control '. u I 

systgn p:-ior to a reactor r u n ,  checkol;t or' the r u n  w-~ce&nes, and t o  sm,p?e- 
ment operator t r a i n i n g  i n  sirrllsted n o m i  and malfunction conditions- The 
reactor simulation was canposed of tno pasts: 

(3) - 
I . , \  

1 )  k kinetics sirnulator, 
2)  Flw and temperature s i ~ u l a t i o c .  

04 
tenperature and flow reactivity feedback. The sirrtilatcr could be lisod w i t h  01' 
without the neutmnics system. 
log pwer signal generated internally i n  the simu?ator Gr a simulator detector 
current could be fed i n t o  the Icg amplifiers and t ! e  reriinder of the actual 
neutronics circui t  used. 

A reactor kinetic= s i rulator  was a three group log d e l  which ir;clirGed 

The neutmnics systerr! could oe bypassed and a 

( 3 )  Flaw artd temperature sirslation was divided 'n to  the following sections: 
Cedar. turbine and puirlp. pro7ellact l ine,  turbine enero:r source, reactor tneim- 
dynaniics, h i g h  pressure - 2 N a r .  cooidonn lines,  md m i x i n g  chamber. The GH- 
pressJre upstream of the ttlrbiqe cor;tro; valve (H-60) was cmtrolled by Fi-63. 
Chamber and Station 26 teweratures were senerated for control and readout. 
Them bere other tewera3Lire.s calculated but n o t  broirght out for  external use. 
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(:I Emrgenci S h u t d m  

.iu) An earrq?r,cy 5 h u t d m  has used t o  pmtect S ~ t h  the test attlcle and tr.e 
f a c i l i t y  i n  the evect of a malfunction. !nputs t o  rhe mercency shutdcwn syste- 
for NU46 i n c l u b d  f ixed  mr, f loa t ing  p e r ,  ptcgranmed OOwer, period. floh 
t r i p ,  sinimm drum posit ion.  ioss o f  crit icc:  xwr s ~ p ~ i i e s ,  turbine speed. 
t u r b i n e  in let  oressure,  and 1ok contrc.1 dru. hydraulic ~ T ~ S S U W .  These inputs 
protect !be reactcr,  a s s u e  th*t i t  can be . -~:colzr; in z safe - ,EPYT,  and ~ r c -  
tect the turbopunrp by rcraming the reactor and terminating r,orclal pwpeltant 
flOU. 

( U i  
diodes were used q.x+tseam of the period 5 r c u a t  t o  reduce tine charices of a scrim 
due t o  noise. 

The perioC circuit  was sir;jilar t!: thae used f o r  YRX-A5 except t h a t  si?icon 

(U) 
pellant line t o  i n i t i a t e  an emergency shutdown i f  the r a t e  was tcs grea t .  
pressure was measured downstream of the pcint t h a t  the h i g h  prerzure ! k a t  entered 
the propellant line. Either a rise or- d e c l i r e  i n  pressure g rca t e r  than 52 psi/sec 
could t r i p  t h e  shutdown chain dependittg on tne l e n g t h  o f  t i r e  t h e  t r a n s i r - , t  ccn- 
tinued. 
noise- Any pressure ramp would have had ta continue long enough tc overcoae 
the  lag. 

The flow t r i p  monitored ;ne c-aLe of chanye 9f pressure i n  rhe rairi prG- 
The 

A lag (capac i tor )  was inc luded  i n  t h e  c i rcui t  t o  elimimte t r ips  frm 

(U) Typical Reactor Startup Sequence 

The following is a typical sequence of reactor control d e s  required far 
a high power test of  the NU-A6 reactor.  

1)  i n i t i a l i y  the reac tor  power i s  a t  "source" level of a fe-q m i l l i b a t t s ,  
and the drums a r e  a t  zero degrees. t h e  p a i t i o n  correspondins t o  maxiram 2Dison. 
lipon a u t o s t a r t  c m a n d ,  the drum are progromid throcgh c r i t i c a l  . 

2)  A t  around one meganatt, ponm control i s  a u t c m t i c a l l y  selected artd 
power demand is progranmd. 

3) When nozzle chamber temperature reaches 2000'R, temperature control 
is selected and tenperature is programed t o  the f u l l  power Fold. 

4 )  Followins f u l l  power o$eration, temperature demand i s  programed 
down t o  2500"R a t  which poin t  reactor control i s  terminated and the drums are 
rotated t o  zero degrees. 

Faci 1 i t y  Control Systerr, 

(U? 
are given below. 
sec t ion  of the repor t  and only a discussion of the cont rc l s  i s  described herein. 
A more de ta i l ed  descr ip t ion  may bFt found i n  iieferences 8 and 10. 

.4 brief descriptior, of the f a c i l i t y  coolant and h_vdraufic control system 
A description 3 f  the f a c i l i t i e s  was given previously i n  t h i s  
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( L j  Turbine - Energy Source 

( 4 :  

( L : ? :  bled from the prope l lan t  ? ine. 
ar've the t u e i n e  and pressurize LH Oewars 'I and 2. TES control  consisted of 

i o 6 t r o l  system fo r  the TES could be operated i n  e i t h e r  the mnwl or au-tic 
c c t m l  tmde dwa!  the c o ~ t r a l  point-  

\"I E h a r  Pressur:zation 

The high pressure Lc! t L ;  

The turb ine energy source (TES) baporired and heated i i q u i d  hydrogen 
The GYP produced bj toe TES ws &sed ~3 

Lh- f l o w  contro! and hot  water   use^ 3 t o  neat the hydrogen) flow c m t r o l .  The 

cooldown Dewar 3 ,  the two LE2 rm Dewars 1 and 2, 
tne tws low pressure LH2 COO down Dewars 4 and 5, and the three LH; 3euars *?I 
had automatic pressur izat ion control ,  w i t h  fo l lou-up wplif:'ers inccrporated so 
lranual c h a n d s  could fo:lok measured parameters when th is mode was net beins used 
E-ror meters allowed switching between d e s  w i t h  minimhn transient effects. 
d l 1  cases, measured Dewar prezsure has compared w i t h  demanded Dewar pressure 
[-;ranual or p r o g r e d )  and the e m r  converted t o  a valve pos i t i on  demand. 

T 
I n  

(L) :5 x i  ng Chamber Control 

(:) The mixing chamber was a device t o  mix contmiled quant i t ies  c;f 
tD:e l o w  pressure cooldown Dewars. ar?d GH2 KO obtafr, hydrogen a t  a spec i f ie  ten- 
perature a t  the nozzle torus i n l e t .  The valves involved i n  the control  system 
bere K-6, the i.a;ve c o n t r o l l i n g  LH2 f low fmn the low pressure coaldoun De#ars, 
ana G - 3 ,  the valve c o n t m l l i n g  GH2 flaw from the tank farm, 

; c )  The desired f low and t q e r a t t r e  was obtairied by demndina a t o t a l  flw 
r a t e  frcwr, the n i x i n g  chamber and a flow r a t e  r a t i o ,  which u a s  gas flow r a t e  over 
t o t a l  f l o w  ra te.  6y monitoring the r e s u l t i n g  mixture t e q x r a t u r e  the r a t i o  codld 
be rianually chanaed t o  obtain the desired teaperaturu. The gas flow r a t e  derJand 
~ 3 s  comoared w i th  a flow ra te  obtained f r o m  a pyessurx measured uostream of valve 
G-3 (see Figure 3-7). The e r r o r  then converted t o  a 5-3 pos i t i on  demand. T k  
remaining flow rate,  the L!-Q f l a w  r a t e  demand, was compared w X h  a f l a w  ra te  
obtained fmfii a pressure masured dpstrean! o f  valve K-6 (see Figre 3-71, This 
e r r o r  was then converted t o  a K-6 pos i t i on  demand. 

!"5' frOF. 

(6 )  Logic Sequence control  

(2 )  
order t o  s imp l i f y  the checkl ists during control rom operations. 
cont ro l  reduced the number G f  ooerator actions required for  operation. Opera- 
t i o n a l  use o f  any or a l i  o f  the l o g i c  sequecces ava i lab le  was l e f t  t o  the dis- 
c re t i on  crf the Test Cirector.  

Logic sequmce control  was addea t o  the Test Cel l  "C" cont ro l  system in 
This sequence 

(L)  
c losing) and a a i t i n g  u n t i l  a ce r ta in  paramter ,  such as temperatJre o r  pressure. 
reached a predetermined level .  
hq' tne number o f  relays (30) ir! the l og i c  chassis. 
d i f f e r e n t  numbers o f  relays, a t  ?east cne ksing required for each operation. 

The sequence could have included tke operation nf valves (own ing  or 

The nu.nber o f  sequential operations was l i rn f ted 
D i f f e ren t  operations required 
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(U) 
The e n t i r e  sequence could be stopoed a t  any point .  
the operation ir! progress would be conqleted then the sequence w w l d  bold. 81 
again pushing the HOLD buttor! the sequeilce m l d  continue. 
a;sa be pushed a t  any po in t  i n  the sequence. 
be caspleted and the sequence halted. To r e s t a r t  the sequence the ON and START 
buttons would be puskd.  
the valve operations wculd have almady been c m l e t e d  (unless another operat ian 
on the saae valve appeared l a t e r  i n  the sequence) the ti= t o  repeat the CIM- 
p le ted  partion of the sequence m u l d  be much less than the first ti=. 

Any indiv i r t i l?? l o g i c  u n i t  could be manually bypassed i n  the sequence. 
I f  the HOLD but ton was pushed 

The operation i n  progress would no t  

The sequence w w l d  r e s t a r t  frot the beginning bu t  since 

The OFF but ton could 

(u) Lagic seqmnces ava i lab le  a t  Test Cell “tu were: 

I )  L N 2 - d t i l l  Oam 
2) W r i n g  chanber i n i t i a l  chi11 
3) 
4 )  Dewar pressur izat ion 

High pressure C e w a r  f i na i  chill 

(U) Servo Hydraul ic Valve System 

( : I )  
hydraul ic  valver as required for valve pos i t ion ing.  

The system provided f l u i d  power t o  the actuators of al l  servo actuated 

(U) The system included twc i den t j ca l  hydraul ic  povw un i t s  d i c h  operated 
in para l l e l .  
and an o i l  reservoir ,  both mounted on a caAIw)n frame, 
un i t s  connected to a conron header f rom which a t rans fer  l i n e  connected t o  the 
ind iv idua l  valve headers. 
hydraul ic  valves, and each valve header was provided w i th  two or more accunrr1aSor-s. 
Upstream of the a c c w l a t o r s  i n  each header was a check valve which allowed 
hydraul ic  f l u i d  flw only i n  the d i r e c t i o n  o f  the hydraul ic  valves. 
lators provided several funct iogs : 

Each u n i t  consisted of an e l e c t r i c  motor dr iven a x i a l  p i s ton  o u q  
The purp discharge 2f wth 

Each valve header had connected t o  i t  one t o  f ive 

The accm- 

1)  

2) 

They proclided assurance of continued valve o p e r a b i l i t y  for  a f i n i t e  
time per iod should a f l u i d  f a i l u r e  occur upstream o f  the header check valves. 

They maintained the system hydraul ic  pressure a t  the i ns tan t  of 
hydraul ic  valve operation wi thout the possible e f f e c t  o f  momentary &crease o f  
pumped system pressure. 

The valve header concept design p-ovided continued valve operab i l i t y  i n  the Gther 
header should a f l u i d  f a i l u r e  occur i n  one header. The hydraul ic  valves were 
assigned t o  ind iv idua l  headers so tha t  r! loss o f  one header u u l d  not  prevent an 
a l te rna te  header fmrrc supplying reactor coolant flon. 

(u) 
i t  was r a t d  a t  3,000 pig. The accumulators were pre-pressurized prior t o  test 
operations wiL! rA2. 

Each accumulator was o f  the bladder type, i t s  capacity was 10 gallons and 
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ut- 0 - 
i L )  011 t o  nater coolers were i n s t a l l ed  i n  the return !;ne t o  each reservoi r  
t o  maintain o i l  operating temperature. A bypass l i n e  w i t h  a solenoid valye 
in s t a l l ed  allowed the o i l  t o  bypass tne cooler and r e t J rn  d i r ec t ly  to  t h e  reser- 
voir. 
The capacity of each re se rvo i r  wds LX gal?ons. 

The two reservoirs  were connected by a 3-incfi i ine to equalare their levels. 

(3 )  
Gf a pressurn control valve located i n  a bypass line rhicfi discharged o i l  in to  
t h e  o i l  return line t o  the reservoi r .  
would be operating. i n  case of f a i l u r e  of one u n i t .  
23 gm, which MS suffrsien: te f;iIfllP n a m 1  f lu id  requirements to the valve 
actdators .  

The discharqe pressure on each oupo was mintairred a t  28iM ps ig  b j  mans  

During test operat ios .  b o t h  p m p  u n i t s  
Each w i t  was rated f o r  

(2:  06'; ;?.-ZFF Blocb. Valve) ?ydra.J;ic Valve S y s t e r  

(dl  T h i s  s v s t e F  f , x t i o n s  were t o ,  (;! n-ovide fl*Jid m r  t o  t i e  %i' 
hydraulic valve actuators  as mqui red  for  valve posit ioning. and ( 2 )  p r o v i d e  
f l u i d  power t o  t h e  hydraulic 5crews which provide an automatic discoznect of t h e  
test car fm t h e  test cel ; .  Fluid %met cculd also ke applied to t h e  hydraulic 
pins which locked the test car to tke t s t  cell. 

(i;) 
on an o i l  reservoir .  
power t o  the servo actuated valve. 
OW (Oh-OFF e l e c t r i c  va1ve)solerlo:d valves, groups of which were rruun*Rd i n  racks 
a t  approprf3te locations i n  tne various areas of t h e  test c e l l .  Each O S V  valve 
had associated w i t h  i t  an MV solenoid valve h i c h  directed the flow o f  hydraulic 
f l u i d  t o  e i t ' r e t  tiie "own" or  "close' q l i n d e r  o f  t'ie 03L' actuator .  The n m  Cris- 
charge  press^'^ was maintained a t  2802 ps ig  by means of a pressure control located 
i n  a bypass line which dischdrged oi; i n t o  the return line t o  t h e  reservoir .  The 
punp was rated a t  35 gpm. T9e hydraulic pressure i n  t h i s  branch l i n e  was reduced 
t o  loo0 Dsig and then to  600 p s i g  for  f i r a l  se rv ice  by trlo pressure control valves. 
A r e l i e f  valve set a t  1100 psig .Ja5 in s t a l l ed  i n  t h i s  line downstream o f  t h e  f i r s t  
pressure control valve. An @il t o  water cooler  was ins t a l l ed  ir; t h e  return l i n e  

o f  the resetvcir was 260 gallons.  

(ti) 
which served the hydraulic actuated valves i n  +,e flaw control mom. The high 
p"ssure room and tank fa-  hydraulic valves had a separate  accumulator. 
accumulator was i n s t a l l ed  on t h e  sepaFate header wbic): served t h e  Gwar area 
hydraulic valves. 
hydraulic pressure during the i:':tant of hydtairlic valve operation. 
r equ i r ed  t o  p rov ide  fo r  3 f i n i t e  time o f  valve operation should a f l u i d  f a i l u r e  
occur i n  the system, s ince i t  was not necessary t o  operate these valves during 
a reactor cooldoun operation. 

The system included an electric motor driven axial  pistcn punp moonted 
lh7s u n i t  was s imi la r  t o  tke u n i t s  which supp l i ed  f l u i d  

T h e  ~ u m p  dibcharge line connected t o  t h e  

- from the OBV valve actuators  to  maintain o i l  operating mperature. The capacity 

An accumrlator was i n s t a l l ed  on the c m n  header upstream af the OEV's 

Another 

These accumu:ators provided a surge volume of f l u i d  t o  maintain 
They were not 

Control Drum Hydralrl i c Sys tern 

(U) The tunction Gf t h i s  system was t o  provide power t o  the clontrcl  drwr, 
actuators  as required for control drum pasi t ionin?.  

( u l  -- 
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(Ul 
which obtained suctiott from an oi l  reservoir. The plrrp was rated a t  10 gpm a t  
1,OOO p i g .  The pcnp discharge supplied f l u i d  t o  two manifolds located on the 
test car. Each rnanifold had an o i l  supply and 
o i l  return ch-r. 
a lbog electro-hydraulic servo valve h i ch  serviced me contm! drJt actuator. 
T h e n  were l.? noOg servo-valve systems to  control f l u i d  t o  each of the 12 control 
d w .  actuators. The W g  servo-valve directed flon t o  eitner the "0" or "180" 
side of the actuator vane as r e q u i r e d  t o  move the drum; concurrently, o i l  flowed 
back from the aopropriate side of the actuator vane through the approsriate ports 
of the b o g  valve to  the retlirn chwher cf the manifold and the o i l  reservoir. 
A flw lialtting or i f ice  and check valve arrange#nt was installed i n  the transfer 
line to the 0 degree side (drive d n a  from 0 towards 180 degrees) of the ac?uator 
vane. This arrangement, 

The system i x 1 u h . d  an e lec t r ic  amtor driven vane type hydraul ic  3unp 

Each manifold serviced six drums. 
A supply and a return line from each manifold connected to 

1 )  Controlled the rate  of supply flw to  the 0 degree side of the 
actuator vane to  l i m i t  control d r m  arovcaent twrd IN degrees to  a nominal 
50 degree/second. 

2)  Pernitted a rnaximrn return flolr ra te  through the parallel check 
valve path fm the 0 degree side of the actuator vane during mvement of the 
d n n  toward 0 degrees; t h u s  allcmar,~ the d m 6  t o  travel a t  a aaxirmpl rate t o  
0 degrees during a s c r a .  

:U) 
A check v a l e  installed i n  the supply line upstream of each a c c w l a t o r  alloued 
flow only i n  the direction of the control drum actuators. 
of eadi accuulator  a pressurp rransducer uai connected to  the supply line. I t  
orovided a signal rhich would cause a scram a t  400 psig. Each accmulator con- 
tained sufficient f luid and pressure tc scram its respective bank of s ix  drum. 

An a c c w l a t o r  d s  connected to  the supply iine to  each of the manifolds. 

Inmediately damstream 

(U) Pump discharge pressure was regulated a t  7W psig b j  a pressure regulating 
valve which dunped excess f l u i d  back to  the reservoir. T h i s  regulating valve also 
served as a relief valve to  prevent system overpressure &ich hi?d a mwanm working 
pressure of 1,dOC psig. 

( u l  
maintaining o i l  operating temperature. 

The rpturn line t o  t h e  reservoir contained an oil  t o  mter cooler %r 

i U) FUNCTIONAL DESCRIPTION OF TEST SYSTEH 

(u) 
power operation, decay heat removal o r  cooldown, and a post-run cr i t ica l i ty  test. 
T h i s  section presents a brief description o f  these operations for the NRX-A6 f u l l  
power test. A more complete description i s  given i n  References 11, 12,  and 13. 
A schematic of the basic Test Cell "C" flow system i s  shown i n  Figure 3-7. 

(u) 
shown i n  F i y r r e  3-10. 
and chamber temperature as the ordinate atrd includes flow rate  and reactor power 

The basic operations of the reactor included pre-operational, startup, 

The operating envelope a d  normal NRX-A6 operating l ine of the reactor is 
T h i s  envelope consjsted of chamber pressure ds the abscissa 
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l eve l  as intersec'ing curv: l inear axes and was based OI! r e f l e c t o r  i n l e t  enthalpy 
and nozzle th roa t  atea o f  300 Etu/ lhn trtd 59.175 muare in . ,  res:=ctivelv. 

(L )  1k.e reactor const ra in ts  are also shown i? Figure 3-10. The t i e  rod e x i t  
gas temperature liirjt ( s t r a c t u r a l  l i m t )  was det?m4ined from stress consiaerctions 
f o r  the t i e - rod  rnaterial; the nyximum allowable chamber temperature l i m i t  was 
deterwined from the nozzlc cube cool ing characterist:c;; the core pressure arop 
:i-;.it was bared cn fue i  c lus te r  suoport block stress considerations and a safety 
l i m i t  associated w i t +  hydrogen density i n  the core equivalent t o  increasing tCle 
r e a c t i v i t y  o f  the core by 1 .OOS was chosen t o  complete the copztsaints. 

iu )  Pre-Cpcrat :onal _-- phr.se 

'111 \ J )  

valves t c  Corltrol Point  ( renote) cor,trol. Tne 36Q degree sh ie ld  cool ing water 
was establ ished and tne valves i n  tqe f low Control R m m  (FCR) * and other areas 
t o  be iner ted  were exercised. A f t c . r  tSe correct ion operation o f  the Emergency 
Shutdown Chain was ve r i f i ed ,  the i i t i t i a l  iner t i t rg  of the t e s t  c e l l  c m n c e d  and 
the tomainicg valves were exercised. 
t o  Control Point  ( r e m t e )  contro l ,  and the area was cleared o f  a l l  personnel. 

Tne pre-operational phase w a s  i n i t i a t e d  w i t h  the t ransfer o f  sisterns a n l  

The contro l  drums were unlocked an4 switched 

(U) 
scram cneck phase, 3ekars 1 and 2 (see Fiaure 3-7 )  were oressurized t o  s t a r t  
the system chil l-down phase i n  oreparat ion fo r  the f u l l  power run. During c h i l l -  
down, i i q u i d  f l o w  was f r o  'enats 1 ard 2 throuih Tlrrbopump No. : aad out, 
(1) valve 1-209 t o  c h i i l  the  turbopump, ( 2 )  valve L - ! l l  t o  c h i l l  the main pro- 
pe l l an t  l i c e  t o  valve L - l l *  and ( 3 )  valve H - l G  t o  c h i l l  the TES i n l e t .  4 15- 
ninute cryogenic soav has then i v i t i a t e d .  rur;ng t;Lc cryogenic soak, ti.- Llu2 
systelli -as ch i? ' -d .  Fo: lwinq tr t r ,ogcr: ic soah,  a .dr%opwnp overspeed t r i ~  
check was per formed and ebe t,o; w t e k  s y - t m  for  t !e  [E5 was ret up. 

Followina a rou t ine  gas and cryogenic f l u ids  pressur izat ion phase and 

Startu? Phase tu) - 
b) 
power leve l  of 10 hid a t  which po in t  the power contro l  :oop was closed. Upon 
completion o f  l i n e  chil laown and Dewar 3 topping f i l l  operations a 2 pounds per 
second GH2 flow t o  the reactor  was established. the helium ?urge terminated, and 

cooldown Gewar 3 system vafves switched t o  pressure con t ro l .  the high pressure 
A reactor power leve of 1 Md waq then establishee i n  D W ~ .  contro l .  Reactor con- 
t r o l  was then switched to  power program, and main propel lant  l i n e  contro l  valve 
L-11 eqd LHi flow r a t e  contro l  switched t o  program contro l .  
was then used bo estdbl is l ,  2% p i g  pump discharge pressure and t o  obta in  YES 
bootstrap. 

The s ta r tup  phase r ~ 3 s  i n i t i a t e d  w i th  an automatic nuclear s tar tup t o  a 

LH? 

k turbopcrm rp bias 

l u )  Run Phase (Pnwcr OperJlt'on) -- 
On Test S i rec to r  (T l i )  coW>ind, the Chief Test Operator ( C T O )  switched 
r a m r s  t o  run. The pr0grai.s u t i : ized LPP, ( 1 )  LH2 f low,  ( 1 )  valves 

(u> 
L - l l  the Pros ami L-11 pos i t ion .  I;) Dewar 3 oressure, ( 4 )  reactor  p a w ,  and (5) ~OZL;P 
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chamber temperature. During the i n i t i a l  p a r t  o f  the run phast program operatisns 
accomplished the fo l lowing:  

2 1 ) Valve L - i  1 ramped open a t  1 .I lb/sec , 
2 )  'Ja:ve 1-111 closed, 
3 )  Dewar 3 pressur0 ramped up a t  2.6 psi lsec,  
41 R e x t o r  f low ramped UD f r o v  15 Ib/sec a t  1.1 Ib/sec2, and 
5 )  Reactor power increased t o  y i e l d  chamber temperatiire rarcp of 50'li/sec. 

(a 4: the 4i) l b i sec  reactor  f low program hold the programers were auto- 
n t a t i c t l l y  w i t c h e d  t o  holl i, and the CTO trimned LHq f l 3 w  r a t 2  t o  40 lb/sec a t  
B F - 1 3 ,  and chamber temperiture t o  an ind icated 200b'R. 

(t;j The CTO then switched from Program Power Control t o  Power Conit-ol and 
then t~ T e ~ ~ e r 2 t z ~  Zcr,',to i W S  i h  measured chamber temperature feedback. 'uJPen 
the gas accumulztor Mas placed on l i n e ,  valve H-75 was opened and valve H-70 wac 
closed. A negative step response measurement wa; then perfwmea on the Temper?- 
tu re  Loop. The operation o f  the power l i m i t e r  was then ve r i f i ed  Sy reducing t"p 

powe- l i m i t e r  se t t i ng  u n t i l  l i m i t i n g  had occurred. The power l i m i t e r  was set br! 
for f u l l  power operation and bypassed i n  preparation f o r  the rawp t o  f u l l  powzr. 
Af ter  approximate;y 6.2 minutes a t  the 40 Ib/sec bold, the CTO switched the pro- 
g ramer  t o  run. 

(u) 
w t i c a ; l y  swi t c t m  t o  h o i d ,  and chamber temperature i m a i a t e l y  trimned dawn 
100'R; appror inateiy one m i w t e  ? a t e r  chamber temperature was trimned doh1 anot"er 
!OO''i; seventeen 5econds later chamber tmpera ture  was trinmed down an addi t i o n a i  
200-4. After ~ ? w m ; ~ a t e l j  two n:is,,tes a t  the 65.5 1bJsec b i d ,  tne CTO switched 
the p r o g r a m r  t o  run. 

&) A t  the 71.3 lb isec  rezc tor  f low program hold the procjraimcrs were auto- 
rcat ica l l j l  switched t o  ho ld and the 3600 second t imer s tar ted.  
the f u l l  power hold, chamber temperature was t r i m e d  down 200'R t o  des'gn condi- 
t ions .  During the 6'3 minute f u l l  power hold, chavber tevperature o f  f low was 
trimned 81: the fo l lowing times a f t e r  s t a r t  o f  the hold (2.7 minutes, A W  = +0.5 
lb/sec; 7.8 minlrtes, aTC = +40"R; 3; minutes, AT = +20"R; 50 rn iwtes,  AT, = 
+10'R; and 53 minutes, AT, = +60"R!. A t  the compfetion o f  the f u l l  power h o l d ,  
the CTO switched the programer t o  run. A t  43 lb/sec on the ramp down fron f u l l  
pdwer, a shutdown was i n i t i a t e d  from the CTO console. 

A t  the 65.5 lb/sec reactor  f low program hold the programers were auto- 

A t  the s t a r t  of 

Cool down 

(U) A t  the i n i t i a t i o n  o f  reactor  shutdown the l i q u i d  hydrogen high pressure 
Dewar 3 c a m  on l i n e  and flowed f o r  approximately 77 seconds w i th  a maximm f low 
r a t e  o f  21 lb/sec.  Dewars 4 and 5 came on- l ine  and v a l v e  K-6, i n  Flow Ccntrol ,  
WJZ used t o  contro l  L!i2 f l o w  rdtt t o  maintair: chamber temperature b e l w  I ,000"R. 

(U! 
i nc t i a ted :  

Approrimateiy 32 minutes a f t e r  shutdown, the tank f a r m  "maneuver" was 
Gh2 Bot t ies 3 through 7 were secured, the GH2 header Mas depressurized 
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t o  a pressure equal t o  tha t  i n  Botrlc! 8, and B o t t l e  9 kas opeced t o  the GH2 kacicr. 
Valve K-6 was closed 36.9 m'nutes a f t e r  :)rutdown w i t h  valve G-3 i f i  Flow Control, 
;ow pressure GH2 was used t c  purge LH2 f:cm the K-system l i n e  through the reactor.  
The GH2 hzader pressure was ther! increased by addipg Bot t les 3 thrcugh 7 t c  Ho t t l e  8. 
GY; i o l i n g  o f  the reactor  was cor.tin,ied, m i n t a i t t t n g  chamber tewer i r ture a t  less 
char1 1,OOO"R and reactor  t i e  rods below 1,200'R. 

(U! GH2 was stopped and LN2 coo:ittg o f  the reactor (Maxirnun; flow r a t 2  = 24 l b ;  
Set) was i n i t i a t e d  a t  58.0 minutes a f t e r  shutdown. When t i e - rad  temperatwer were 
45G"R (65.5 minutes a f t e r  shutdown), LN; f low was terminated. .%e f i r s t  LU2 pulse 
was i n i t i a t e d  71.5 minutes a f t t r  sbtdown w i t h  the reactcrr shed iq-;rlace and tee 
F i l t e r  Reactor Out le t  Gas (FRGG) f i s s i o n  product removal device engaged. 

(U! 
c e l l  was completed. 
t ions  were terminated. 
rod temperature had stabi  1 i zed a t  approximately 450"R. 

( 2 )  Pxt-Aun C r i t i c a l i t y  Test 

(N 
t o  cool the reactor  c n t i l  r e f l e c t o r  mater ia l  arid core i n l e t  teweratures were 
near ambient. The CTO Manua' , Fixed Power, Y o a t i n s  Pcwer, and Per jzd 5crams 
were checked. N i t h  the r e a c w r  shed in-!  lace atlld the F X G  engaued, a reactor 
power l eve l  o f  10 kW was establ ished i n  L 'os i t ion Control. Redctor cont rc l  was 
then switched t o  power contrctl atid a f t e r  162 sp.cc.r;ds i n  Power Cmtrol ,  d ~ u m  pcsi-  
t ions were recordzd. A shutdown was then i n i t i a t e d  frurr! the CTO co~isole.  The 
FROG wi.s then re t rac ted  arid the reactor shed withdrav7. A reactor  gowtir of 10 ki: 
%as establ ished and drum p x i t i m s  recorded. 
CTO console. 

Approximately three hours a f t e r  shGtdown, 2 minimum secure of the t e s t  
With the exception o f  LN2 pulse cooling, con t rc l  TOOIT opcra- 

Af ter  75.3 hours :be l a s t  LN2 pu!se was completed, as t i e  

P. post-run r e a c t w  c r i t i c a i i t y  'Jest was performed. 122 apd GN2 were used 

A skitdown was i r , i t< : . -a j  from the 

(E) REACTOR ASSEMBLY, CHECKOUT, TMNSFER, f iND TESTIPiG 

(u) The ReactorjPressure !'esse: 4ssembly (PVASA) was sh i  aped by t r a i  r: fron 
Pit tsburgh, Fennsylvdqia t o  Las Vegd-., Jevah,  and by t r a i l e r  truck fron Lss Vegas 
t o  NRDS. During shipment, the r e t c t o r  c w e  contafned 6YN boron m h i d e  !B4C) 
poison irJires t o  p ro tec t  against  inadvertent c r i t i c a l i t y .  

tu1 The NRX-A6 PVARA Mas received a t  the Engine r-?aintenance, Assemb!!, O is -  
assembly (E-M4D) bu i l d ing  cn 14 O c t c k r  ?907. Mating c;f the t e s t  c e l l  and t e s t  
car, and f ina l  pre-:est preparations were completed by ' 3  November 1967. 
e ra l ,  the assembly operations a t  the :-MAD Bui ld ing  and the mating and pre-?est 
p r q a r d t i o n s  a t  Test Cell "C" were 3iccompl ished as planned and without. major 

I n  gen- 

d i t  T i  cd1'  V .  

(U) 
i n s t a l l a t i o n  o r  assembly o f  a l l  t e s t  assernbty components, coolznt  systems, and 
inst rument i t ion.  The assenbl; operation i l s o  incldded flame spraying o f  a l '  
instrumentation and leads or, the e j . t e r i o r  surface o f  the pressure vcssel. 
era1 and centra l  poison wires were renoved dur ing  the assembly o9eratir;ns 31. E-MA3. 

.4ssemb:y operations a t  E-WD included w c e i p t ,  inspection, cneckout, and 

Ver Ipir- 
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(U: The test car buildup had prev ously been cmp eted i n  E - W .  and the 
installation cf the test a r t i c l e  bn the test car, instrunentation hookup, and 
checkout proceeded as planned. The W1-a utilized tho T-7 t e j t  car. This  test 
car,  t-eworked af ter  use on N W A 3 ,  was structurally unchanged b.~: d$d incorporate 
some ndifications ta  adapt i t  t o  the faci l i ty .  A center e?ectr-ical coupler was 
used for tk f i rs t  ti- to  concezt =actor i n s t t e n t a t i c n  and control  wiring to  
t e s t  cell recorders an, 
cell pad. A shield annulus purge system provided gaseous nitrc;en purge flows of 
5 Ind 1C Ib/sec to  t h e  area betneeii t!t test a r t ic iz  acd +he Phoebus I8 360 degree 
Weld. The GN purge gas flcwing k t w e e r l  the test a r t ic le  and the shie:d insured 

d t h i n  stainless steel impedance collar attached to  the sh ie ld  near the nozzle t@rus 
level. The 360 degree s h i e l d ,  cmstructed i n  two remotely separable halves to  DM- 
vide radiation protection far the t e s t  cell has been previously described i n  t h i s  
sectfon of tne report- 

.plifiers through a remote disconnect plug i n  the test 

ap inert atmsp i ere and was k e p t  a t  a clight positive pressure through the x e  of 

i L )  
sn'pment and throughcut the assenbly operations, and plior t o  testing i n  Test Cell 
'C' to  prec?ride possible fuel elernent h jd ro? j s i s .  n e  ourge qas utilized W ~ S  dry, 
mlorine free 3ir dur ing  shipment and assenbly operations and dry,  chlorine free 
helium jra Tesr Cell .e':. The detailed purge requirements are given ii? Reference ?4, 

{L! T9e NRX-A6 
test series was conducted betweel: 21 November I367 and 15 Decarber 1967, inclusive, 
and consisted o f  three (3) experi.mn:al plans (EP's). The individual tests were 
designed to  met tk requiremnts of the ;iRX-A6 Test Specification (Reference 11). 
Each experimental plan i s  described i n  Section 4 o f  this report. and detailed 
results o f  Cqe t e s t s  are described in  Sectior; 5. 

A continuous purge 3f the NRX-A6 reactor was maintained during reactor 

?=-test operations are discussed in detai l  i n  Reference 15- 

{ti) 
endurance t e s t  and transported to  the Reactor aintenance , Assembly, Dis3ssemb?y 
(R-MAD) Bui ld ing  for dizassembly. Disassembly was accomp'lishea i n  the R-HAD not 
disassembly bay and the ron-nuciear hardware transferred t o  E-HAD for  post- 
operative exaa5nation. 
balcony ana the fuel processed through the !?-NAD fuel element processing system. 

(U) ;ne fuel past-operative exanination was accomplished i n  both R-MAD and 
'-MAD hot cells. All instrumentaticn post r u n  ca?ibration, metallograpby, and 
non-nuc;ear natdware examination was performed a t  E-MAD. All radiocnnistry,  
ganma scanting, and whole element weiching  was performed a t  R-MC. 
-esults are discussed i n  Section 5. 

Tke  t e s t  assembly was retrieved from Test Cell "C" fclloning the f u l l  plrmer 

The a r e  was disassembled i n  the R-?AD core disassenbly 

Ikt i l e d  
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b? 
c f  the NU *nsts ~ r f c r c l e d  t o  a t e -  
priraary obj2ztire: 
peratwe and p r e s s ~ r e  f o r  65 cocseclrt've r;ni;tes. 7s &thieve this oO;ective. a!l 
other pkases 2f me series were licired to  Wcrse tes ts  necessary to check W K  aqt. 
or calibrate ; s t r L c r e n t  cwltroi acd safety System and t o  coqfirrr operat ing zrc-  
cedbres. Tw s-xorrdary, or eqxriPenta; Gbzectives of tne MA--% t e s t  ,cries are 
l i s t ed  in  T a l e  4-1. 

T?P luRX-&6 Test Series MS. cperationally. t!!e least  corrglicated of any 
71e ent're test  series wds a?mC a t  one 

t o  =rate rhe T,RX-f& reactGr a t  or above rateg charber tw- 

(US 
(EP's); EF-1 t3 acnieve i n i t i e l  c r i t i ca l i t y ,  &ec& toctro? dtu;r. worth. calibrate 
the nwtionic instrraentat ion.  etc.; €?-1i to  check trle WrfarcMnce sf a l l  s y s t s ;  
and EF-ii1. the pcscr test- 
cr. the startcp of EP-111, "the entire series vould nave been coiiletec i n  tug t e s t  
days, S i  XoveAlber and 6 Oecerber 1967, 
rescheduled as EF-IXX and run on IS D e m r  1967- 

The t es t  ser<es,  as o r j s ina? ly  pianned, consisted c f  2 Eqcrirectai ?lacs 

Except for  an inadvertent shutdown wkic): occurred 

.&io t c  tlte sfiutdoun, c~cwe~cr, EF-I11 bas 

(U) 
t h e m 1  power o f  llK7 W or  greater  fo* 60 ainutes. A suraar\. o f  t j e  tests cer- 
fsnaed during NRX-A6 i s  shuln in Table 4-2,  a i d  the pober integra! simmry G f  
die i n d i v i d u a l  EF's i s  shown ir! Table 4-3. The fo2::rinc sections describe eacri 
experimntal plan, and the fac ' l i ty c b e d m t  tes t s  p e r f c m d  prior t~ the experi- 
;oental plans. For a mre detailed description cf each experiwnta? plan  &ad We 
fac i l i ty  62ckout Q s t s  see References 12, 16. I?,  le, 19, 22, and 21. 

The reactor operated a t  a chamber teqera ture  cf 4100'R c r  q-eater ano 

rcu FACILITY CHECKOUT TESTS 

(U) A series of Fac i l i t j  C5eckout Tests (FEP 's )  uere ccnGucteti a t  Test Cci! 
"C" durisg Septeder and k tobe r  1967. ?he purpose of these tes ts  was t a  i.rsure 
that the tes t  faci!ity has in the proper coaditian for conducting the ar;xcmin~ 
reactor tes; program, 

:u: 
as folfons: 

Some of the specific objectives of the Facility Cqeckwt test series were 

I )  

2) 

3 )  

4)  

To deternine the adequacy of the Emergem:: C o o l d m  STstev ( i n c l u d -  
ing  the newly installed gas acc*miIator) t c  protect the reactor from malfunctions 
? 5  the propel l a n t  feed sys tern. 

To establish prop.. cperating techniques for tihe Emergency Cooldcm 
System t o  insure satisfactory operition. 

To experimentally deternine proper control valve demand p m f i l e z  
for  smooth and reproducible propellant feed systm startup- 

To check out the feed systerc control :en. 
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TABLE 4-1 

TEST WECTIYES 

Crimry (operational) %jective 

was t o  be operated a t  rated conditions to a predetermined loss of reactivity,  or 
for a the of minutes- 

Endurance was the prim operational objective for  NRX-A6. The reactor 

Yecondary (Experinental ) Objectives 

1) Evaluatiaq of a e  effects ,  of rated conditions duration testing, 
ir. f u l f j l h n t  of the prime objective. u! the structural in tegr i ty  of  the t e s t  
3ss&ly. 

2)  Eva!r;ation of the capability of experimental fuel elements to w i t h -  
stand the effects of ?at& conditioris duratam testing. 

3) 
u r n  nodificatioai. 

Eva!;lation of the perfosmance of W-A6 &sip changes and hard- 

.') Experimental evaluaticn of We effects of an aft-supported reactor 
on the p r e s s ~ r e  vessel and nozzle. 

5) 

6 )  

Evaluation of the nuclear performarice o f  the t e s t  ar t ic le -  

Ewaluatian of  the thermal and f l u i d  flon srfamance  of the test  
art? d e .  

- -1 i J  Further evaluation of the performance of the contml instrumentaticn. 

2; Evaluation of the performance of improved resistance tenperature 
transducers, accelesoraeters and a control pressure transducer fiir use on F J ~ u ~  
t e s ?  pmsrr;m. 

SI Further. evaiuation of the performance o f  the N U  control systems. 

10; To obtain accurate evaluation o f  the decal heat a f t e r  extended 
operati on a t  rated condi ti ons - 
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EP 

I 
- 

TABLE 4-2 

(d? 3UPlARY OF TE5TS PERFORSO WRIWG IRX-M TEST SERIES 

11 6 kcenher 1967 

111 7 Oecegber 1%i 

iII a h w r  1967 

IIIA !4 Dece&er 1967 

IIIA ?5 kcember 1967 

T i t l e  and Accanol ishnents 

I n i t i a l  C r i t i c a l  i t,v 
!wadiat& neutronic c a l i b r a t i o n  *vices and 
perfomd freqwnc; resuonse ueasurearents si 
parer contro l  l o o p  dur ing t h i s  ho ld-  

?erfwneC LN2 and W2 flow t es ts  

Control drum worth measuments 
Lar power dosimetry i r r a d i a t i o n  

360 degree f a c i l i t y  s h i e l d  mrth measurements 

lerformed =actor scram checks 
Exercised a l l  va?ves and systems to check far 
my system i n t e r a c t i o n  

Planned f u l l  parer t e s t  i n i t i a t e d ,  but 
unplanned shutdown occurred after approxi- 
mately #I seCCRds a t  the 40 POunQ pet- secmd 
hold. 

Ver i f ied sa t is fac tc ry  m a c t o r  operation a t  
40 pounds per second and 2150'R c h e f  
terperatrrre. 

Corrected anomaly uhich caused unpl&nr& 
shutdawn on previous day- 
Planned t c  petfonn f u l l  power test but d i d  
not n n  dw to unfavorable meteorolog!cal 
conditions- 

Plamic: tc mrfonn f u l l  power test ,  bu t  d id 
not run due t o  ptoblcs i n  setuo of hot water 
system and unfavorable meteamlogical condi - 
taons . 
Pctfonned planned fu:l power dutbt io f t  t e s t .  
Operated a t  a chauber temoeratute o f  41tE"R 
or y e a + & r  for  02 ninutes and them1 w r  
of t \ Z C  W o r  qireater far 60.4 minutes, 
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TAhLE 4-3 

EP 

I 
I! 
I I I  
111 

S::A 
IIIA 
Post Test Critical 

Total. FSRx-k 
Tota l ,  NRX-P5 

_ -  Yatt-sec(l 
2-75 x 108 (2) 

T 

2.65 x ?O‘ (2) 
2-81 x 10” T (2) 
5-67 x IO’ (2) 
9-68 x lo8 (2) 

3.94 x lo6 (2) 
4.49 x 1012 (2) 
2-2 x 1012 (4) 
3.68 x 1o12 (4) 

4-46 x (2), (3) 

Total,  W / E S T  
Total. W-A3 8-8 x 1012 (4) 

( I )  A11 power integrals for 1- poww- operation after EP-I were corrected to 
account fer the anticipated IS  prcent shift  i n  sensitibfty due to ttre cold- 
to-hot swing for f u l l  pouer opecation, 

(21 BoWEr intecjralz based on neutronic w i r e  (gold) calibration of EP-I. 

- (3) Calculated them1 paclrer ictegra!: 4.47 x 10” Satt-sec. 

(4) Calculated thermal pouer integral. 
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(u) 
the faci l i ty .  

As a resdl t  of the Facility Checkout Tests a several ckanvs were made to 

1) B a i k f l W  i n t o  the 133; accumulator caused unacceptably low t-ra- 
tures. An unused vent line was blzrtked off to  alnitaize leakage fm C!.s accum- 
lator 

2 )  The tur-409- specific speed setting MS increased ?'run 950 t o  l i W  
t o  i q ~ r o v e  the s t a l l  mqin dun'ng eraergency shutdam. 

3) Position deiiafid profiles f o r  propellant valves L-TI and L-Ill were 
aodified- The resr;lt uas a flw profile during the power test, startup which wds 
vesy w t h  arrd close to  the preajctions which e r e  based upon FEP results. 

4 )  The t u rboaw s x c i f i c  scped controller was maif ied s l ight ly  to 
elkinate a sustained flow oscil lation noted a t  low flcm rates. 

('j) 
References 19 a M, ami 21 - 

A rare *tailed discussion of tne Facility Checkout tests my be found in 

i U f  
ter 1%;. a t  Test Cell "C"- The specific objectives of this elperimental plan 
bee as foliars: 

Experirmtal Plan E 3f the NRX-A6 Test Series a s  conducted M 21 Noven- 

7 )  

2)  
3) 

4: 

5 )  

5 )  
7)  To evaluate t!!e structursl integrity of the p m p i l a n t  l iw ;rial 

8 )  

9) 

101 

11) 

Tc tjetemiine t4e cold c r i t i ca l  d l w  p s i t i o n  of the reactor with 

Tc verify the operation of t3e control drum scrar system. 
To werate the reactor a t  lw pr7wer for irradiating the in-core gold 

Tc masure t4e frequency respanse of the reactar power control and 

To perfom control d ~ m  icteqal and cw.dml bank differential  

To perform automatic reactcr startups- 

To chectwt and evaluate %ne flow perfomaance of th, reactor and tc  

To determine the reactivity wcr3 o f  the recctor vestica? shie ld  

To cmp7ete final chechout of the FGK, "Elepkant" Zuc, JATO, acd 

To irradiate dosimetry w i t h  the reactor a t  lw pauer. 

the vertical sh i e ld  i n  place and w i t h  borated water S o w -  

w i r e  an.! s u l p h w  s m ? e s  for  calibratins the neutronics Dower system. 

drum position control system.  

react: uf ty M r t h  tests - 

mateup connections and of the =actor reflector systm.  

verify the pressurn and m r a t u r e  instrumentation nit!! gaseous and ?:quid nitro- 
gen flow- 

system. 

side-by-side p.eumtic control drum actuator and experimental transducer s,-steas. 

(u) 
P l a  I -  

A l l  o f  the &ve objectives bere ruccessfuli j  achieved dwing  Expeanmntal 



( t i )  Ini t fa l  c r i t i ca l i t y  o f  NU-A6 was attained w i t h  an average control drun 
psition a t  delayed cr i t i ca l  (Qc) o f  approximately 97.3 Qgrees. 
applicable when the vertical s t ie ld  is i n  piace and w i t h  borated water flow. 
scram check phase follaring init;.al critica:ity was performed w i t h  110 a n m l i e s .  

(u) Frequency response neasu-nts rere perforaed on the P a r e r  Control LOOP 
and the D m  Position Contml system. Evaluztion of the aeasureaents indicate@ 
that the weration of  both system w5 satisfactory- 

( c )  The ca l ibra t im run was perfomd a t  a nominal 10 kU t o  i r radiate  in-core 
g2ld w<ms and mrz le  w n t e d  sulphur  sanples, The results of this ~7 were used 
to  establish the power calibration f a t s -  which was applied to the appropriate 
wutronics channels- 

This 8dc is 
The 

fu) 
during the LN2 flaw test, and the I- pmer dosimetry irradiation of approximately 
150 L.U-hr- 

TePperature stimlus o f  NRX-A6 tesperature instnmentation was provided 

0.G %e foilairing reac-ivitx worth measurements ere perfcrmed: ( I )  Integral 
worth of Control DWE i and 8; (2) Different’al worth of tht cartrol  dnm b a k ;  
(3) Uorth o f  the reactor vertical shield system withoc;t borated wter in i t s  open 
and closed position- 

(0) During the LIy2 flou t e s t ,  the FROG was mteu ‘ 0  the NRX-A6 nozzle. No 
anomalies rem noted i n  the FROG performances; the oprc i ion  of mating the FROG 
to YPJ-M was perforrard successfully i n  CP caqtrol- 

(I‘) A more detailcd discussion o f  this E? may be found i n  Reference 16- 

(4 EP-XI Suo( CHECKS AMI SYSTEP INTERACTION G!EU(OIII TESTS 

(u) 
ber 1967 a t  Test Cell “C“- The specific objectives of this expesilwntal plan 
were as do? lous: 

ExFerimental Plan I1 of the NRX-A6 Test Series was conducted on 6 Decm- 

1 )  

2) 

To operate a l l  systems md subsystems to  verify their performance 

To provide a coordination run f o r  a i l  Control Room Operators and 
and to  check for system interaction. 

associared personnel i n  preparation for the F u l l  Power Run. 

(u) 
Plan 11. 

A l l  of the abve  objectives were successfully achieved during Experimental 

(u) 
operated during the F u l l  Power Hold were exercised t o  determine possible system 
interactions. One interaction, bfiich was not unexpected, was verified; when the 
f a n  and louvers vere cperated i n  the “penthouse” (where neutronics instrumenta- 
tion i s  located) a reactor scram occurred. No other systen interactions were 
observed. 

‘Jith the reactor power level a t  10 kW, a l l  valves and systems to  be 
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(u) 
t h e  indicated p e r  levels: 

During t h i s  EP the following scram checks were successfully performed a t  

1 )  CTO Manual Scram, a l l  drums withdrawn approximately 20 degrees 
2 )  fixed Power Scram a t  1 kid 
3) Power Scram Trim a t  500 Watts 
4)  floating Power Scram a t  500 Watts 
5 )  Period Scram a t  500 Uatts 
6)  Program Power Scram a t  2 m;l' 
7)  M i n i m  Onun Position Scram a t  8 = 30 degrees 

A more detailed discussjon of the conduct of this EP my be found i n  !U) 
Reference 17. 

(u) EP-III - FGLL WER RUN 

(IJ) The specific objectives of this experimental plan were as follolrs: 

1 )  To evaluate the effects  of Full PMS Testing fo? CO mindtes on the 
structural integrity of the t e s t  assembly. 

2) To evaluate the performatice of experimenta? 5uel elemnts under the 
effects of Fu l l  Power Duration Testing. 

3) To evaluate the performance o f  the NRX-A6 test assembly design 
changes - 

4)  To evaluate the nuclear and mechanical performance of the entire 
test assembly. 

5) To obtain data to  be used i n  evaluating the performance o f  several 
side-by-side experiments. 

(u) Efforts t o  achieve the objectives of  Experimental Plan 111 weE nade on 
three oc,asions: 
ber; and (3) 8 December 1967. 
a time-of-day limitation on operation a t  full  power were responsible for postwne- 
mnt of operation u n t i l  the next day. On 7 December, the programed Full Power 
Run was ini t ia ted;  however, a f t e r  approxiaately 75 seconds a t  the 4il lb/sec hold, 
a shutdown occurred. Control Room Operations were suspended for the day to inves- 
ticlate further the cause of the shutdowr. and t o  effect  necessary repairs. On 
8 &cember, the preliminary phases ot Zontrol Rom Operations were primarily 
associated w i t h  verification of the " T , * "  of the cause of the shutdown of the 
previous day. 
Run were suspended a t  midday due t o  predictions of continuing unfavorab:e met2oro- 
logical conditions. 

(U) 
achieved, the 75-second hold a t  40 lb/sec on 7 December 1967, provided a useful 
bench-mark t o  evaluate the operation of  the reactor and the fac i l i ty .  
sive d a t a  analysis effor t  showed that reactor tenpeiatures, pressures and d i f  - 
ferential pressures were, i n  general, quite satisfactory a t  the 40 ib/sec hold 
with the reactor a t  a power level of 301 MJ. 

(1) Following Experimental Plm I 1  on 6 December; ( 2 )  7 Decem- 
On 5 kcember, operational problems combined w i t h  

Following a lengthy weather hold, operations f o r  the Full Power 

Although none of the primary ( '  jectives o f  Experimental Plan I 1 1  were 

An exten- 

One major probler:: i n  fac i l i ty  
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operation was that the Specific Speed a t  the 40 lb/sec ho ld  was 1300 instead of 
the  desired 1200. This problem was analyzed and corrected prior to the ini t ia t ion 
Of EP-IIIA. 

( 5 )  A more detailed d’scussion of t h i s  EP may be found i n  Reference 17. 

(U EP-IIIA - FULL POUER CUffiTIOlo TEST 

(a )  Experimental P l a n  111 of the NRX-A6 Test Series wz;, redefined as EP-IliX 
and conducted on 15 December 1967, a t  Test Cell “C“. The specific objectives o f  
th is  experimental plan were the same as EP-If1 and were as follows: 

1 )  To evaluate the effects o f  ful l  Bower Testing for 60 rniniites on the 
structural integrity of the test assembly. 

2 )  To evaluate experimental fuel elements under the effects of F u l l  
Bowcr Duration Testing. 

3) To evaluate the performance of the N R X 4 6  t e s t  assembly design 
changes. 

4 )  To evaluate the nuclear and mechanical performance of tihe ent i re  
t e s t  assembly. 

5) To obta in  data t o  be used i n  evaluar3ng the performance of several 
s i de- by-s i de expe ri men t s  . 

(U) 
followSng postponements due t o  adverse weather conaitions on 13 December, and a 
cmbination of fdci Ji t y  operational problems and advei-se weather conCi tions Oii 
I4 December 1967. 

Ail of the above objectives were successfully achieved on I 5  December 

(’j) 
bias approximateiy 4.5 x Katt-seconds. Nominal operating conditions durina 
the Fu l l  Power Ho?c ere as follows: 

Tne auration of the F u l l  Power H n l i  wds owr bll rinutesr t n e  q o w r  integral 

Themaf F w w  1,130 Mw 
Reutrctiic J w r  1,250 :M 
Nozzle Cha..8ber. *essure 593 psia 
Nozzle hamber I‘emperature 4,140”R 
Flow Rate ( B F - i 3 ,  Figure 4-3) 

(L’) Reactor perfomince parameters d u r i n g  t h e  t e s t  run  and the perfomaxe 
operatit~g mp are shown Ili F i g w e s  4-1 and 4-2, respectively. 

Contmt drum position near the start o f  the Full Power Hold was 104.5 
degrees; a t  the conclusior! o f  the hold, the indicated drum position was 115.4 
dojrees. 
post-run c r i t i ca l i ty  t e s t ,  was 100.9 degrees; c o ~ t r o l  drum position prior t o  the 
Full Power Run was 95.5 degrees. 

72.0 lb/sec 

Control drum position near ambient temperature, as determined on the 
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\L) 
43 Ib/sec was sat isfactory.  
For the post-run c r i t i c a l i t y  test on 19 December, GN2 was used to cool the reactor- 
t o  near ambient temperature. 
be;- and transferred t o  the R-MAD Building. 

i L )  

The operation o f  a l l  cooldown systems following the planned shutdovJn a t  
LN2 pulse cooling was terminated on 18 kcember. 

The NRX Test Assembiy was disconcected on 20 Decen- 

A more deta i led  discussim a f  t h i s  EP may be found i n  Reference :8. 
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Figure 4-2. 

(U) NKX-A6 Full Power Test,  

EP-I I I.4, Operhti ng Map 
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SECTION 5 

(CRD) TEST RESUL'TS (i') 

(CRC) TWiSIENT AND STEADY-STATE PERFORMANCE .QNALYSIS (II) 

(CRD) Reactor Sys tern Performance (U)  

( C R D )  
the EJPX-A6 pawer tzs t .  
The NRX-A6 t e s t  was extremely sucre- f u l  and exceeded i t s  t e s t  wject ives .  The 
total  r u n  time of 6.2 minutes abovt? a chamber temperature of 4' .A2R* more than 
doubled t h 2  full  power and temperature enwrance of previclus reactors w i t h  s i g -  
n i f i c a n t  ly less corrosion. 
fuel ex i t  gas tenoeratuce o f  4335'R. 

This section surnmarizL; the de"lailed thermal and corrosion ana'ysis of 
A lliore corr,plete discussion is  preseW-lf ; I Reference 22. 

A A100'9 chamber temperatlire csrresponds t o  an average 

( U i  
A6 tests i s  given i n  Ta31e 5-1. 
chamber ternperiture intervals 
flow rate and 2ower, ( d )  number o f  startup and shutdown cycle:, (e)  rnaximun! ramp 
rates, and ( f )  total reactivity loss. 

(U)  The NRX-A6 t e s t  was of particular sicnjficance since i t  demonstrated the 
endilrance capabi 1 i ty o f  the NRX-A6 reactor. 

(CRD) - ,peratin9 Condi tions (U)  

( U >  EP-IIIA time profiles o f  nozzle chamber tevperature, f l o w  ra te ,  nozzle 
zhamber pressure, and control drum posi+ion arc shmn on Figure 5-1. All pa ra -  
meters w i t h  the excettion G: control d;-un bank position are nedr'y cofistant throucjh- 
out t5e ful l  power hold. The ic ta l  cmtrol drun! roll  out o t  1 1  degrees d t r i n g  the 
full  power hold was significantly less t h a n  predicted. F3ints A thrci:gh U inr i -  
cate times a t  which best estimated ca:culations 2nd s t a t e  point coryarisoss w i t h  
predictions are presented ir! the followi tig two sections. 

A sumary of majcr  reactor perfcrmance condi t iom o f  the ARS-AZ t!,rough 

( b j  eqJj\talent. ful l  p a e r  r a d i a t i o n ,  ( c )  maxivim 
Inc!>c!ed are,  ( a )  t o t a l  r u q  times w i t 9 i n  d i f f e r e n t  

(CQD)  
NRX-A6 operated for 62 m i n u t s  ; above a chamber tencFrature of 41i)O"R fdesigrr tem- 
perature was 409G"R) which is  more t h a n  twice the endGrance o f  any previous NRX 
reactor. 
akerage fuel ex i t  temperature and 1199 MW thema? powr existed tor approxiRately 
30 secondc a t  the s t a r t  o f  the f Q l l  power hold. 

A sumtrary of major NRX-Ad operating conditions i s  given i n  Tab:e 5 - 2 .  

Peak chamber temperature ccndi ti0r.q of 3333"R which correspond t u  W O O  - 3  

* 
Note: !n this section, chdnber temperdture i s  defined as the mixed wean tern- 

perature immediately downstream o f  the  cure exi t .  
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(u) 
(U) 
e r e  colputec 3 t  24 stead; s t a t e  t i e s  dur ing EP-I!IA. These ca?culat ions were 
perforaed w i t !  the w n t  accurate crocedures and M e  k s t  avai labre data. Yornal- 
i z e d  d i g i t a l  data a: 
(-XI0 wicts! w i t h  oressure end p-essurt d m  m e a s u m n t s  cor-cted for offsets 
&temir;ed a t  zem flow e m  used for the ca lcu la t ions-  The resu l ts  of these ca1- 
cdlatims vere useG LO def ine the ogerpting conditions aC WU-M and for input t o  
'Jae derailed thermaI calcu lat ions pmsentd i n  Reference 22- 

$est Estimates of Flm Rate, C h e f  Tesqxrature, and Power 

8 e s t  e s t i r a t e s  of reactor flcm rate,  chiwber t m r a t u r v ,  and them11 ptmer 

s q l e s  oer s e d  averaged ever. 5 second ti= i n t e r v a l s  

Table 5-3 scrmnarizes tLe resu l ts  wi th three si- uncer ta in t ies f o r  fwr 
r t e a d j  state fiaes during EP-IIIA. 
ways: ( l !  h.sed on the f l a u  weiahm! averaqe fuel e x i t  Gas t e w r a t u r e  measure- 
-fits. i.2j based on the s t a t i o n  26 core t e q e r a t u r e  and ( 3 )  based on Lie no:z!e 
equation using flm r a t e  and average measured ch-r pressure. The b e s t  e s t i -  
mated chadxr teq lerature i s  the weighted average of these t h e e  darrber terrPer- 
aturns w i t h  each calcu lated t-raturv u e i g h t x l  according to  i t s  uncertainty.  
The c a l c u l a t i o n  pracechire i s  described i n  detj i1  i n  Reference 22, Appendix 6. 

Nozzle ch-r teaoerature was calculate< three 

(u1c1 Steady State and Transient Comparisons w i t !  Predicrions !J) 

tu) 
ca lcu la t ion  resu l ts  ar? presented i n  t h i s  s e c t i m .  One o f  the m a j x  uses o f  the 
TNT (Thermal and Nuc'rar Transient) p m j r a a  i s  f o r  p re- tes t  p r e d i c t i m s .  
carparisms w i t h  t e s t  data am essentia! t o  v e r i f j  the accuracy cf *he T N  prsgram 
ana t o  i n d i c a t e  wssible areas o f  irqmvement. 

Steady state and t r a n s i e n t  comar isa is  bebeen t e s t  data and TNT p m - t e s t  

Therefore, 

(U) 
0 on Figure 5- !  are given i n  Table '5-4. The TNT pre-test  p r e i c t i c n  fo r  the planned 
f l o w  rate,  pawer and chardrer teaperaturn profiles sre compare 
olanned p r o f i r e s  were  c lose ly  dupl icated dur ing the fi-t 6Q nds o f  s tar tup 
and shutdarn p r i o r  t o  scram. The second p a r t  o f  tho s tar tup w,. conducted a t  h igher 
than planned ch-r terqwaturr ;  because t h e  chatrber terperature mrasurements 
which were irsed for contro l  d i d  n o t  read tne t r u e  cha&r t e q e r a t u r e .  A t  the 
planned 3700"R h o l d  the actual chamber t e q e r a t u r e  was 4253"R. 
betueen the planricd and actual p m f i l e s  are shwn on Figures 5-2 t h r o q n  5-8. The 
lower than predicted r e f l e c t o r  pressure drop was the r ~ s u l t  o f  greater than expected 
flm through the reflector.lpressure vessel annulus, lower t h m  predicted r e f l e c t o r  
in!et  plenun temperature. and lwor reflector heating. Also, followin3 scram the 
flaw rate was higher than predicted. 

(u) The comparisons between TNT ?re- tes t  ca lcu la t ion  resu l ts  and t e s t  measure- 
w n t s  are exce l len t  when t h c  differences between the planned and actual t e s t  p r o f i l e s  
are considerec!. *tai led psimeres coinpcrisons for a l l  phases cf  EP-IIIA are pre- 
sented i n  Reference 22. 

Steady s t a t e  corparisons f o r  the f o u r  t imes ind icated by tetters A through 

+th We dat3. The 

Tke d i f fere ices 

(THIWNE IS UNctAsSIFIED) 
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Figure 5-2. ( C R D )  Comparison uf  Power, Nozzle Torus F l o w ,  Average Fuel Exi t  and 
Chamber Temperature Predictions with Measurements During EP -!IIA Startup ( U )  
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Figure 5-3. ( U )  Comparison o f  Cornponmt Pressure Drop Predictions 
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Figure 5-4. (CRD) 
Temperature Predictions wi th  Measurements During EP-I1 IA Startup (U)  

Comparison o f  T i e  Rod Exit Material and 3eactor Plenum 
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Figure 5-6. ( C R D )  Comparison o f  Power, Nozzle Torus Flow, and Chamber 
Temperature. P w d i  cticjns with Measurments During EP-I1 I A  
Shutdown (U)  
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Figure 5-7. (CRD) Comparison o f  T ie  Rod E x i t  Material and Reactor Plenum 
Temperature preaic t ions w i t h  Measurements During EP-IIIA 
Shutdown ( U )  
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Figure 5-8. (CRC) Ccmparisoo of Core S m t i o t i  Temperatures and Control Drum 
Motion Predict ions w i t h  Measurements During EP-IIIA Shutdown (U) 
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(CR,") CZr? ?hemal Perfmmnce (LI) 

(u) 
the endurance objective of 69 minutes w i t h  only a n  \ l  degree drum rollout. 
t es t  calcl;??ted da ta  ccrnpared w i t n  t e s t  data showrd good agreewnt. 
ing i s  3 Sriec sLi::]ary of the detailkc core tl.en.a? sna?ysi;. A mom detai:er, 
discussion may be found i n  Reference 22. 

The -,ore operated a t  or  above Aesign ternprratures for 62 Finutes and me: 

The  toilow- 
Post- 

(CRD) 
during EP-IIIA based on the scation 44 thermal caosules. The ..,em.=' caosuie 
nieasurernents indicate the highest temperature reached d u r i n g  power (+eration. 
peak cmtral  reg'or, temperatures of 5000"R occurred durifig the frower oeak a t  the 
start  o f  the run  (approximately 14300 seconds cor,trol r3oF t i n e ) .  
cu;la,ians indicated t h a t  the peak perichera! temwrattires of 4700'R orotat:!y c-c- 
curred both a?. tkis power peak and a;so a t  the end of tne full cower ~ o l r l .  
calculated centra; ;nd fueled element zrial tamerature profiles f i r  :=le (:ore 
central region a t  the DOWX p3ak and for  the DEriGhWal reaicr, a t  tbe end of t i e  
fu l l  power ho:d are shown on Figdres 5-19 a?.? 5-11 respectively. 
temperature measurements with thermoc.. 2les and t k i r m a l  capsules and fueif?d exi t  
gar temperature measurerents are alzc showri. 
ana measurements is very good. 

Figure 5-9 shows a radial profile o f  the maximun waswed tempe-atures 

%E 

Fost-teFt cal-  

The 

Ccntra l  elemrnt 

T h e  ccimoari son be tween calcaldtiscs 

1 u) Fuel exi t  gas thermocouples w h i c h  were uzcd fur the f i r s t  t ime  : r v e c t l v  
measured fuel ex i t  gas temperatures. Measured temperature; agreed we?: w i t h  C B ?  - 
culaticnc and were gznerally c m i s t e r l t  with measurements ?t other cwe statl;ns. 
Measured fuel exi t  temperatwes were t!-,ereiore used in ?he j e s t  est iqate c f  the 
nozzle chamber tempera+,ure. 

(u) Comparisons between calculatsd and meastired fuel ?kit. ,ind s t a t i r r  25 un- 
fueled element radial temperttwe profi;Es ;rea!' the 5f.irt o f  the fb:? pwer ho,c 
are show 3n Figure 5-12. The measwed core ir . let  conditiws ar.2 corrected post-  
t e s t  power factors, average i n  ? inch rad ia l  incremcts. -==v used T>r t h e  CPILU- 
laticjn. Ayain, the conoarison i s  very good. 
caused by uncertainties i n  predictirq rhe pmer generation, co. o inlet  cemctrature 
and tolerance i n  ecch individual fue l  elemer t .  The calcu!atcd nwimr! station 26 
fue:  temperatwe i s  dlso showil i n  the figure. 

( C R G )  RadiJl temperature p ' o f i l e s  of fuel ex i t ,  s t a t i o n  26, s t d t i o n  20 E ~ I C  t i <  
rod material a t  the s t a r t  and end o f  the f u l l  F-er h ? ! j  are shwn on Figures 5-:3 
and 5-14. The rriultiple regre5;ion curve f i t s  w i t h  three s i g m  urcertainty hands 
are s h w n  for each parameter. A t  the s t a r t  o f  the f!:!: power hold ?ko fi le: .?xit 
qas temperature has  20G"R cooler a t  radius 12-16 j i?ChlSS t h a n  a t  the :en'..? (?f the 
ccre. The multiple regr.?ssion analysis ind.;:ated G f ldf  rad ia l  tsnyar '-ibb*c- : +sf! l e  
a t  the end of the ful l  pagel- hold. 

Probably i ; O S i  - $ f  the sc,,t:er i s  
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Figure 5-11. ( C R D )  Peripheral Eegion A x i a l  Temperature 
Distribution for EP-IIIA a t  CRT 17W CUI 
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(CRD) 
pos t  t e s t  ca1cu;ations using the pre- tes t  models a t  f u l l  poder. 
the measured and ca1cr;lated core pressure drops a t  f u l l  power f o r  N R X / E S T ,  NRX-AS, 
and niRX-A€. 
srnaller f o r  NRX-.46 than f o r  the previous rpactors. This i s  a t t r i b u t e d  t o  an i m -  
provement i n  the f r i c t i o n  fac to r  cor re la t ion  used i n  the ca lcu la t ion  fo r  the NRX-A6 
core. The increasing d i f ference w i t h  run t i m e  i s  probably due t o  an increase i n  
the  average e f fec t i ve  a i r  impedance diameter caused by loss cf excess m?ybdenuq 
overcoating and by ctlrscsion. 

The measured core pressure drop was from 0.5 t o  5.5 percent loner  than 
Table 5-5 compares 

The dev iat ion between ca lcu lated and measurec pressure drops was 

(CRD) Latera l  Suoport, Reflector, and Support P la te  Thermal and F l u i d  Flow 
Performance ( !J) 

( b )  
l a t e r a l  suoport system, r e f l e c t o r  system, and core support p la te  dur ing tne EF-I I IA 
power test ,  inc lud ing comparison w i t h  analysis. A more de ta i l ed  analysis my be 
f o m d  i n  Referem 22. 
ser ies and v e t  a1 . funct ional  object ives.  Test data were general ly i n  very gcod 
agreeneat w i t h  p r rd ic t ions .  However, two deviat ions from ored ic t ion  were found, 
(1: 
( 2 )  
than predicted r8,flector pressure drop was accoucted f o r  i n  the pos t - tes t  calcu- 
1at;or;s by i n c l i  ,sion o f  experimental conditions inc lud ing the reduced ef fect ive 
f low irngedane o f  the loca t ing  cone. The loca t ing  cone provides the p r i n c i p a l  
inpeaance t o  coolant f low i n  the ref lector -pressure vecse: ? V . U ~ U S .  The cracks 
which :ere observed i n  the b e r y l l i m  reflector a t  disassemly did not impair  the 
NRX-A6 reactor  operation. 

(CRi3)  Latera l  Suoport System (u) 

(CkD) The 3erfmmance o t  :he l a t e r a l  siipport system was excel lent .  A t  the s t a r t  
of the E $ - I I I A  f u l l  power ho ld  the seal charher cr,iant a A d l  pressure and tem- 
perature d i r  tri but ion was i n  excel l e n t  agreement w i  th predic t ions . A cmpar i  son o f  
the pre- test  predicted and meirsured normalized l a t e r a l  support sea: system pressure 
d is ty ibu t ions  a t  t h i s  t i m e  i s  shown or? Figure 5-15. A t  t i le end o f  the f u l l  power 
hQld the ax ia l  pressure p r o f i l e  was only s l i g h t l y  lower i n  the core PSd-plane reaion 
than a t  t4e s t a r t .  This was a t t r i L J t e d  t o  s l iSht,  edgc corrss ion o f  the pyrograph.ite 
i nsu la t i ng  t i l e s  and loca l  wrapper c o r r x i o n  which increased the seal bypass f low 
approximately 5 percent by the end o f  the f u l l  power hold. The degradation o f  the 
l a t e r a l  support system performance was s i g n i f i c a n t l y  less a f t e r  60 minutes o f  f u l l  
pewer operation than had been observed on p r i c r  NRX r e a c t n c  opwa t ing  f o r  30 :-it.- 
Utes or less. N o  corrosion was noted i n  the seal seF.ents. 

This sect ion sumnarizes the thermal and f l u i d  f low performance o f  the 

A l l  components performed s a t i s f a c t o r i l y  dur ing the t e s t  

a r e f l e c t o r  yessu re  Crop not iceably lower than pre- tes t  predict ions,  and 
a t  disassemt !y the b e r y l l i m  r e f l e c t o r  was observed t o  be cracked. The lower 

c I :,sirreci r e f l e c t o r  presswe drcp a t  the s t a r t  o f  E P - I I I A  f u l l  
i P' 5.2 ps i .  This was lower thdn t3e pre- test  predic t ion.  I n -  ,..- 

I_ 
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Astrowclear 0 LaberatorY 
clusion o f  the approximately 10"R lcwer than predicted r e f l e c t o r  i n l e t  temperature, 
approk imte ly  18 percent lower than predicted s t a r t  o f  l i f e  heat ing and cor rec t ion  
f o r  the f l a w  d i s t r i b u t i o n  t o  the pressure v e s s e l / r e f l t s t o r  annulus froin measured 
pressures y ie lded a calculated pressure drop o f  18 ps i .  This agreement between 
ana ly t i ca l  model and masured data i s  considered good since the NRX-A6 r e t l e c t o r  
represented a -or change from a l l  previous NRX reactors. 

ill) Cornportent Temperatures 

(U) 
t ions c h w  i n  Table 5-6 were general ly w i t h i n  the p re - tes t  p red ic t i on  uccer ta in t ies .  
However, t he  measured inner  web temperatures were higher than v e d i c t e ? .  
calculat ions o f  the r e f l e c t o r  mater ia l  temperatures are ir! good agree,mt w i t h  the 
measured t e s t  data. 

The measured temperatures i n  the b e r y l l i m  r e f l e c t o r  a t  f u l l  p m r  condi- 

Fos t - tes t  

( W  
essembly my be found ir, Reference 22. The data gives evidence t h a t  many of the 
cracks were formed approximately two minutes before the end o f  the f u l l  pawer hold 
and affected the seal flow very s l i g h t l y .  This d i d  not  a f f e c t  the i un - t i ana l  Er- 
f o m n c e  of the F f l e c t a r  o r  the reactor.  These cracks arc  a t t r i b u t e d  t c  excessive 
t h e n d i  stress a t  the end o f  the f u l l  power ho ld  r e l a t i v e  t o  the s t recg th  of i r r a d -  
i ated bery 1 1 i um . 

A de ta i l ed  anajysis o f  the r e f l e c t o r  cracks which were obserwd dur ing d i s -  

(U) 
d i t i o n s  i s  i n  good agreement w - i t h  Fre-test  p red ic t ions .  Tmperatures i n  tne core 
support p la te  were i n  very good agreement w i t h  analysis. There was a sliqht increase 
i n  the core support p la te  n a t c r i a l  temperature as the f u l i  power t e s t  progressed. 
This e f fec t  was expected and i -  due t o  the increased component h e a t i i q  m d  the i n -  
crease i n  tetperature o f  the coolant cclming from the r e f l e c t o r  anc simulated s h i e l d  
w j t k  a n  time. 

The rceasured r o n t r o l  drum ax ia l  temperature d i s t r i b u t i o n  a t  f u l l  power con- 

(CRD) Corrosion (U) 

(CRD) 
provement over the NRX/EST and NRX-A5 elements even though NRX-A€ operated twice as 
long a t  f u l l  power ccndit ions. 
of key patsameters; 

The corrosion rerformance o f  th? f a e l  zlenents represented a dramatic i m -  

This i s  best i l ? u s t r & e d  by the fo l l ow ing  colnparison 

Ave*age avera l l  element 
weight loss (gm/element) 

Average pinhol ing 
(p i  nhol es /e ;emen t ) 

Average channel expozure 
(inchesjelement) 

Net r e x l i v i t y  loss 
(do l l a rs )  

1 I* 27 32 

3 E 10 21 

5 . 3 19 22 

1 1  G.7 2 . 1  3 . L  

* Corrected f o r  dverage molybdenum overcoat 10s- :f +;w q t w w e i e x n t .  
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The r a d i a i  d i s t r i b u t i o n  o f  ove ra l l  w i g h t  loss i s  compared w i t h  NRX/EST and NRX-A5 
resu l t s  on Figure 5-16. 
more consistent corrosion k h a u i o r  than was the ctse f o r  the e a r l i e r  NRX *actors. 

This f igure i l l u s t r a t e s  the .such lower ue iqn t  loss and 

(CR3! Radial d i s t r i b u t i o n s  of ove ra l l  arid b w e  weisi-t lcsses are Shawn i n  Fig- 
ure 5-17. The ove ra l l  weight loss represents the d i f fe rence between the ore and 
post t e s t  weights. Two d i f f e r e n t  procedures were used t o  estimate surface weight 
l ~ s s  for the fuel elements. 8y the V E X  v isual  examination procedure t h i s  ?ass 
was estimated t o  be 0.8 grams per element. Sy the SLED5 mechanical measi*-ement 
system, the estimate was 1 t o  4 grams per e l e w n t  depending on data i n t e r  cetat ion.  
Tbe actual average surface corrosion was e s t h a t e d  t o  be near 1 gram per element. 
The t yp i ca l  fuel element external  corrosion x c u r r e d  i n  a patte-n of ahallow cor- 
ros ion In  a ban0 b e w e n  17 and 25 icches f o l l w e d  by a carbon deposit ion and a 
second band of elenrent co rws ion  and/or shrinkage a f t  o f  35 inches. for ctnwari- 
son, the average est inated surface weight loss was b e w e n  4.5 and 9 grams per 
element for NRX/€ST 3nd NR!! A5. The average bore weight loss on Figure 5-17 was 
obtained by subt rac t ing  the e s t i r 6 t e d  surface weight loss and molybder,un ovei-coat 
loss (approximately two grams/elemnt) from t+e ovecall  weight loss. The axia! 
p r o f i l e  o f  average bore w i g h t  loss f o r  5 inch increlmrrts i s  shown i n  Figure 5-18. 
The weight loss per element i s  very smll from 3 t o  j~ i1twe:3 and therefore i n -  
creases apgroximateiy l i n e a r l y  tc  a value o f  2.2 grams per 5 inches a t  the a f t  
epd. 

(CSD) Corrosion “n#tch ing“  occurred on 22 J row peripheral sienent:. This :ocb, 
external  ccrrosion occurred on th outermost edge o f  these e l e e n t s .  sametims 
deep enwgh tr. reach the corner b i re ,  beq iw ing  a t  about s t a t i o n  20 a?d occurrin.; 
every inch o r  so. The corrosion could be due t o  loca l  coatiriq cracks, the high 
bore t o  external  presslire d i f f e r m c e  near the core periphery, or corrosion ir! 
tnerma\ stress indurzd element mat r ix  cracks. 

(CRD) 
and f i l l e r  s t r i r s ,  nerforned adequately. However, the inner sdrface of the pyro- 
f o i l  wrapper and some of the r a d i a l  f i l l e r  s t r i D  sur fac ’ .  cerroded more than ex- 
PecteQ, p-obably bccause the f i l l e r  s t r i o s  d id  not  arrange thenselves w;th uniform 
gaps but unevenly w i th  orcazional wide gaps. f u r t h e m r e ,  the notch corrosion o f  
the per ipkeral  elements provided In mexpested source 3 f  fresh jrogen ir, t h i s  
loca l  per ipheral  region. 

(CRU) The plar! t o  study the ef fects o f  fue i  element m a t r i x ,  bcre coating, and 
bore overcoat source i n  the production reactor dleii#nts y ie lded tu0 s ign i f i chn t  
resu l t s .  Elements w i th  a WNCU niobium carbide coating c l e a r l y  showed less p in-  
ho l i ng  (abcragc o f  2 pinholes per e l e m c t )  than elemerg’s w i th  Y-12 NbC bore coat- 
i n g  (7.5 t o  3 pinholes per element). However., these reshtt; implying a difference 
i n  bore corrosion pc!rfornarrcP f o r  elerne?rts from the two coating sources, a r e  
c l x d e d  by the f a c t  t h a t  post t e s t  gross i on i zd t i on  measurerrents ind icate WNCO 
cocted elerrentq operated a t  a one percent lower power generatiop rate. This i s  
e q b i v a l m t  t o  a 43°F lower temperature. 

The non-fueled per ipheral  components, cyrcgraohi ttt Lfles, ,ymfoi 1 wrapper, 
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(;I Prior t 3  the successfs? f u l l  power test ,  a l l  s i x  proarala *re checked o u t  
b? cmss-;:lotting one program rittl anotner- Duricg t!e startup of the f u l l  pcwer 
rid-. the orO9rir-i cor,trr,iled t k s e  S IX  uarameters t o  H i t h i n  3 p e e n t  ( f u l l  scale: 
~f t+e desirea v+a'lws for t h e  crucial porticns of ea& prcgrm. 
t c  t h i s  was t n a t  tne stm mition o f  valve 1-111 was 5 percent (of frill scale)  
more wan t're specified xs i t i o r , .  
op +de r x i s  cf tim. a l l  tw ntovrarc; ;.e- v i t 9 i n  1 seed nf CPC? cther; LM- 
florr rate was pumojely selayed 2 secorids w i t r  resoect t o  %e L-11 pn;qraF. 
t i s i n g  offset  f o r  L-, flw rate was also present ddring FEP-I!I and the EP-111 
ALort. 
pmssure durin5 t+e star tup  t o  t4e i n t e m a i a t e  rawer hold was excellert ,  exhibiting 
px revoducit I Ti t b  WI tn data Gleasurpd Juring tne aborted EP-II 1 starbup at 
7ceceabes 1x7- 

The anly excection 

U i t !  the exce7tion of the Ld, flcm ra te  prcqrar;. 

fks  

The per fGrnzke  o f  the main orcoel lmt  line, reactor m e r ,  and b a r  3 



P e  investigation o f  the oceratiorr afid performance of tie s i x  prcgrarmed 

Figure 5-19 GW- 
p6raaeter-s consisted of evaluating f r r s t  tw recorded data of tke prmyar: wtput, 
ard secwd, the recorded wspozse o f  the canttolled parawter- 
ser;t!i t i e  variation betweer! reducea data froca the prcgra! output and t h e  idea?,  
s x c i f i e d  omgram output. asswiclg zerc t ' r i n g  e m r  fcr a l l  s i x  prograr drum. 
A detailed i'iscussion of the programed. paraskt performance i, g iven  in  Ref- 
erence 12- 

h e  false sctw. occurred on t6e f i r s t  r t t e q t e d  f u l ?  pwer mn, This 

T3e Cifffcult j  ~ P S  isc'iated and zorrected 
k detai'led discussion GR the investigation af the case cf this 

irdavettent S*Ui&Wfi was dw t c  t9e noise sensitivity cf the h h r b a n ?  used t o  i r -  
C1emr.t Lqe u i n l m m  C ~ J F  imsftior, scram. 
Trior t o  EP-1:IA- 
sncrt;lok;l is gfven i n  Refe=nce i4, 

niw IVars:s {L] 

(L'I The %?Y-A6 test  ser:'€s r t o v i ~ ~ d  an a3undance cf w c i c a r  data a3Q:ica3le to 
fbtbre AER'.d nbclear d e s i g .  
atalysis are w e s e n t e d  i?. the  t e s t  seqwnsg- A det~r.Iea discussion cf  t!e nuczear 
analysis IS -jiveii i n  Reference 22, 

I n  t h i s  section t h e  orinciTa! results of  the t e s t  

:&I S-mcri t ical  Sperations 

c r i t i c a l  Jrr1ti3lication data uem tahen t o  insure that the reactivity shutdowr. was 
ateequate- 
t i w i n g  ca'libration cf the apsamnt rmiiticlicatim; against reactivi t :cW =mi t t i n g  
a f inal  shtdour, estimate &ich has u i t i i n  1% cf  the shutdown estimiite based on 
cnm uurth masureaents- 

% r i n g  the remva1 of t*le s+ipcin5 vcisw wires ir.  the E-W.L; Sui!ding, sub- 

ks i n  tt.e NPJ(-& test ,  m t a t i m  cf a s ing le  control d m  prctvided a con- 

!c !  Neutronic Tests 

The *actor was b r c s q f i t  t o  c r i t i ca l i t y  a t  t h e  97 degree anm! posi t ion,  

:n view o f  tee wjcr nlrclear 

3 = p e s  &ove tne DrPdiCtid S8 aegrees ancjle. but  wi t e i in  the + 10 degrees ass igned  
uncertaint i  {see Reference 6 )  - 
racy corparable t o  previous reactor p r e d i c t i o n s -  
manges i n  hRX-A&. the reactivity sniaminp w a s  consickred t o  be very good- 

i ' v ;  The reactivity uortn o f  me dry Test Cell 'C' s h i e l d  was found t c  & +4?C, 
i n  good a g r e e r . t  Ui t h  the predicted +&c [see Reference 23) T9e rep2,tivity effect  
cf adding boratea water tc  the shie ld  has also masured t o  be -2%. as ci?mdred t o  
",le predicted -2%. 

tie assoctated rexti  vi ty error-bas -59r an accu- 

( c :  
ma&. 
tng eacn r~easurea~nt for tee effects of z m l l  deviations fm delayed criticality- 

fi very d e b j l e d  post-test analysis of tne EF-I a r t i ~  calibratior: data  was 
best value o f  the integral d n r  w o r t $  0' 7-65 has k e n  derived by cat tmct-  
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\c; The saali reactivitj :ass cf E-% c->served i n  :be ?W-& G.N tesr was ir! 
d i s ~ y ~ e n e n t  w i t n  t h e  rrea'cted 5.3: sa;?- 
i n  t e r n  of differences i n  ~r(i?el!x: c:rtr't;t:cc ard uortc f m  those i n  the 
~ n X - 3  m2 test on wick the ?=diction w a s  Sa;eC ibfemnce 231. 

(mi Desigr: Pomr Test [:: 

E '  - 1  \ 
r e a c t i v i t y  bebeen a i i i e c t  and czera t ing  conditions was -?Zc f o r  NRX-A6. 
c i a n p  was ir\ f a c t  &served $ 9  the Z-: ; I .& starttir, ana s h u t d a m ,  s ince  pos t - tes t  
ana lys i s  has s h a m  t h a t  nc raterial ?csses, such as nol~+S&num l o s s ,  occLrrc3 dur- 
iqs these events. 
predic ted  net FeaCtiv;ty char;~? di;ti?.rc s t a r tuo  bids m t y  - i T C ,  s ince  a 6& reacti- 
k i t y  gain was  exmcted t o  occilr 5xal;se tf mlybdenux loss- 

%t-test  analysis has Gxglained t h i s  . _  

A de ta i l ed  pos t - tes t  ar.a?:,sl:s establishes t 5 a t  the d i f fe rence  i n  feedback 
T h i s  

C?t+ough t h e  excectec f e e a a d  c h a r y  bas exact ly  -72c, le 

(u; 
hold, s h m  i~ f igure  5 - X ,  i q ? i e s  E m&ed i q r c v e m n t  i n  fue l  perfomnce over 
p r i o r  liRX mactars- 

(CRD: The 65c mac:ivft:v loss x s o c i a t e c  u-tb t+e t c t a ?  d m  m o v e n t  during the 
hold is t h e  sim o f  tbe r e a r t i v i t 3  effects o f  grashi te  noderator loss due t a  corro- 
sion, molybdene. blowoff, and f issfon crocuct ooisoning; the pas t - t e s t  analysis 
thetxfom q i i a s i z e d  the s e p a r a t i m  cf these eftects- 

(U) 
culated t o  be -?7c a t  the rim? cf snutthin. 
perfomed i t  was only -IC;. 

The ti.= rariatScr! c f  the cr i t iczl  d r r r  Tos i t ion  during the high parer 

Tne r e a c t i v i t y  effect c f  ,el3' Suildup dLring t h e  high power hold was ca l -  
(Later  when the post-mn critical was 

( C R D )  The t o t a l  molytidew- c0atir.g !oss during t h e  test  series, as es tab l i shed  by 
pos t - tes t  chen?stry, i.mliec a 61c r e a c t i v i t y  gain .  i n  good agreement w i t h  t h e  pre-  
d ic ted  6Cc. The time behavior ~f the mlybdenun ioss ~ d h ,  iowaver, not well pre- 
dicted. In the absence of reactor  t es t  da ta ,  i t  has been assuned t h a t  a l l  o f  the 
loss  viould occur i n  the f i rs t  ewer bold.  
and ambient c r i t i c a l i t y  d a t a  esxak;;sbed t e a t  aSout t d c - t h i r d s  o f  the t o t a l  moly- 
Menon Boss actuallq occurred durins the 60-hninute hold a t  desigr: p i e r .  

A de ta i l ed  arialysi= of the operating 
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(CRD) 
rected f@r the 37C r eac t iv i ty  gain due t o  mclybQnun lo s s ,  and the 17c r e a c t i v i t y  
loss d w  t o  Xe-135 buildup, the part q f  the reac t iv i ty  change due t o  corrosion of 
the fuel mater ia l s ,  carbon, uranim, and niobim, is ca lcu la ted  t o  be (6% + 37C 
-17c =)  85C. 
tke exterit of the corrosion of the fuel matrix,  conparable t o  the m a c t i v i t y  l o s s  
i n  KRX reactors  i n  which ne i the r  mlybdenim coat i sg  o r  Xe-135 buiidup contr ibutsd 
s ign i f i can t  reac tor  e f f e c t s .  The t o t a l  r eac t iv i ty  lo s s  due t o  carbon, u r a n i m ,  
and niobim i n  the entire test series may a l s o  bo ca lcu la ted  d i r ec t ly  f r o m  t h e  
change i n  the cold c r i t i c * l  angle from 97.0 degrees a t  i n i t i a l  c r i t i c a l i t y  t o  
100.; degrees following the power run. i t  fAe associated 22C r e a c t i v i t y  loss  is 
increased by € I C ,  t o  account f o r  the effect of molybdentm blarcff,  a value of 
S3c is obtairied. 
change occurred i n  t h e  design power hold, so  ?+at t h i s  n u h e r  i s  ccxqarable t o  
the 8% derived above. The close agreement in4ir.ates t h a t  the separa te  r eac t i -  
v i ty  changes a re  underrtood. A further check was obtained by u t i l i z i n g  the wit- 
sured fuel eleoent  weight losses  t o  estimate tiie r e a c t i v i t y  loss due t o  corrcsion. 
The result of this ca lcu la t ion  was t h a t  a 77c r e a c t i v i t y  loss  occurred as a con-  
sequence of the graphi te  maderator loss .  Uraniun acd niobiun losses had neali- 
gib le  Zffect,  w h i l e  molybdenun blowoff oroduced a 61c r e a c t i v i t y  ga in ,  as  ;toted 
above. Again, the agreement betueer: the 77c number and the e a r l i e r  83c and 8% 
nirnbers condi rrns the s e p a n t i o n  of the various reacta v i  ty components. 

I f  the observed 6% reactivity loss  during the h i g h  parer hold i s  car- 

T h i s  cuant i ty  is o f  speciai  interest s ince  i t  i s  an i -dicat ion of 

Essent ia l ly  a l l  of the corrosion reowsented 3y this r eac t iv i ty  

(u) Reactor s a fe ty  f o r  PiRX-A6 was s imi l a r  t o  t h a t  oro.dided fo- previous 
reac tor  tests ,  and a complete safety analysis is presented i n  Reiemnce 26. 

(U) Andlyses were p e r f o m d  t o  deternine credible conditions t h a t  could lead 
t o  unsafe Gperation and mlejse of f i s s i o n  products above the level eqected f o r  
n o m 1  operations.  The safe ty  evaluation o f  NRX-A6 o p e r a t i o x  was based on des- 
cr ip t ions  and operations presented i n  Reference -1.  These dnalyses showed t h a t  
t h e  predicted radiological  hazards from normal operations or  from test f a i l u r e  of 
NRX-A6,  wnile s r e a t e t  t h m  those preaicted f o r  NRX-AS, were acceptable and i t  was 
therefore  ccncluded t h a t  NRX-A6 operations could be conducted without exposure of 
personnel, either on o r  off  the site,  t o  excess iw  rad ia t ion  levels. T h i s  con- 
clrision was based on conduct o f  the tests during favorable  weather conditions.  

(u) 
operations,  operating ac ooldown limits were es tab l i shed  on various tes t  para- 
meters. 
To prevent exceeding these limits du r ing  reac tor  operat ion,  limiters (see Sec- 
t ion  3 ) ,  operator act ion,  and emergency (scram) shutdcwn s e t t i n g s  were u t i l i zed .  
The s e t t i n g s  and act ions a r e  given i n  Reference 11. 

( u )  
quences of various c red ib le  accidents Tay be found i n  Refererce 26. A fission- 
prcduct-release analysis  that  covers the radiological  consequences i s  also pre- 
sented i n  Reference 26. 

T3 prevent damage t o  the test a r t i c l e  o r  excursions o f  the reac tor  during 

A complete l i s t  and discussion o f  these liinits i c  given i n  Reference 27. 

An accident  analysis  t h a t  covers excursion magnitudes and o ther  conse- 

1 
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i d 1  
provided reactor state feedback signals t o  the control system, and, second, i t  pro- 
v'ded diagnostic data necessary t o  mon i to r  reactor ooeration and provide the data 
f o r  post-test analyses. 
established were monitored by the diagnostic instrunentation, as noted i!! Ref- 
erence 11.  Additional senso- provided signals t o  maintain reactor operation ngth- 
i n  c r i t i c a l  contml l i m i t s ,  or t o  e f f e c t  automatic elnergency action i d  Ciese l i m i t s  
were exceeded. 

The i w t r i l v n t a t i o n  used f o r  RRX-F.6 served t w o  basic functions. F i r s t ,  i t  

C r i t i c a l  parameters f o r  which operating l i p i t s  had been 

(u) V?X-AC used a t o t a l  o f  409 rezctor channels t o  monitor reactor systen pes- 
fonrance. The type and locat ion cf transducers, the operating range, and other 
functiona? information are l i s t e d  i n  Reference 11. Redundant ineasuremnts were 
taken for those parameters used fw reactor con tm l  and those considered essential 
f o r  reactor wrfosmance analysis . 
(U) O v e r a l l  performance cf the icstrumentation s y s t m  was considered excel lect. 
A l l  control piirameters performed re l i ab l y  throughout t h e  t e s t  series, and anomalies 
t ha t  occurred are discussed i n  References 25 and 29. 

(U) Nucltar Subsystem Instrumentation 

( u )  
The zero s k . i f t s  ncted f o r  several disfemntial-nressure transducers during the 
f u l l  power runs ~ 2 r e  expected and were caused by puroosely exceedins the range of 
the transducers. 

T!ie oerformance of the transducers during the t e s t  series was excellent. 

(rl) 
contml  sensors f o r  t3e NRX-A6 t e s t  series. A t o t a l  o f  177 sensors were i ns ta l l ed  
inside the PVARA and 88 sensors were ciounted external t o  the reactor. 
erence 11 f o r  spec i f ic  sensor locations and parameters f o r  the i n te rna l l y  mounted 
sensofi). The external ly mounted sensors consisted of the fol Iwj ng: 

There were a t o t a l  o f  265 WRtdL-supolied nuclear subsysterr! diagnostic a d  

(See Ref- 

Quanti ty Sensor TJpe Location 

1 Potentiometer Actuator s i  de-by-si de test  

33 Pressure transducers Ir'ANL pressure-transducer box 

2 Pressure transducers Actuator side-by-side tes t  

12 Thermocouple; (low temp) Calorimeters 

CN reference junction 2 4 Resi s t o r  
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Re'istance t h e w t e e  Ca 1 ori me ters 6 

3 Ac ce 1 e rc .ne te rs Actuator side-by-side tes t  

22 'hhernoccuple ( l o w  temp! Actuator si de-by-si de tes t  

2 

3 

RTT hN2 reference junction 

Rate sensors (1 2) Privy soof 

fi! 
t i o n  as stated by the I'kasurement 8equirement List (MRL)  Reference 11 and the nurn- 
ber of  sensor channels operating af ter  each phase of asserrbly and tes t .  The chart 
also shons the nwber o f  channels deleted af ter  each phase and the nuder  of chan- 
nels questionable. 
assxiated w i t h  either sensor o r  data system or  as  being unresolved. 

The table below indicates the total nwber o f  sensors required fo r  installa- 

The table further breahs down t5e questionable channels as being 

Channels questionable 
Chamel s 

Channels Channeis .,on- Data Not .I 

Phase Operdtionul Deleted Operational jensor Systes Resolv2d 
_c_ 

-- - --- --- ileq'd Installat!or: (H?!} 255 --- --- 
After WAN1 assy. 262 3 

Prior t c  tes ts  259 4 2 

After EP-I 259 5 1 

After EP-I1 26.3 5 --- 
After EP-I I I (abort) 260 5 

After EP-I IIA u 5 1 

--- 

-. - 
2'9 

The t o t a l  number of channels onerating a t  the ccrnclus 
97.7 percent o f  the required instrumentation. 

i u )  Assembly and Instal lation 

2 3 

1 3 

1 4 

3 --- 
'I tes t i  ng represented 

( u ;  
used in this reactor include four V R  type and one S/G type pressure transducers 
(evaluation units) ana the care radial displacement transducers, vhich are halt- 
bridge strain gage type sensors and 21 exit  gas thermocouples. All drawings were 
reviewed and approved for correctness of sens 3r type, appl i cab1 e process speci f i - 
cation, installatioa design, and compatibility with the Measurement Requirement 

A t o t a l  of 177 sencofs were installed i n  the reactor. New transducers 
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L i s t .  
Assembly Laboratory f o r  i n te rna l  ly-mounted sensors o r  t o  NRDS f o r  the ex terna l l y  
mounted sensors. A continuous sensor h i s to ry  inc lud ing  e l e c t r i c a l  data, i n s t a l l a -  
t i o n  information, and any per t inent  facts  re la t 've t o  the sensor was maintained 
from i n i t i a l  sensor acceptance tes t i ng  through WANL assen-bly, NRDS e l e c t r i c a l  and 
v isual  receiv ing ir,spection, NRDS assembly, and the end-to-end checkout o f  i ns t ru -  
lnentat im f w m  the sensor t o  the t e s t  c e l l .  
assembly and ins ta l l a t i on ,  only three measurements w e r e  l o s t .  

Sensor h i s to ry  sheets were i n i t i a t e d  fo r  each sensor de l ivered t o  the Reacto 

During the complete instrumentat ion 

Referefice 30 gives a complete h i s to ry  o f  sensor i n s t a l l a t i o n .  

(u) Pe rfornance 

(u) The performance o f  sensor instrumentation ass-ciated w i th  the tes t i ng  of 
the NRX-A6 was considered t o  be very goc ' .  
ser ies and t h e i r  performance dur ing tests  are summarized i n  the fo l low ing  table. 
A complete and de ta i led  sensor evaluat ion i s  given i n  Reference 31. 

The types o f  sensors used i n  t h i s  t e s t  

Type 

Thermocouple (high temp) 

Thermocouple ( 1 ow temp) 

Resistance thermometer 

S t ra in  gage 

Pressure, absolute 

Pressure, d i f f e r e n t i a l  

Displacement (LVOT) 

Di sp l  acement ( S / G )  

Accelerometer 

R s  i s t o r  

Potentiometer 

Rate sensor 

TOTAL * 

Total  
Requi red 

52 

122 

14 

14 

18 

22 

3 

6 

6 

4 

1 

3 

265 

- 

Sensors 
Operational 

52 

121 

i 4  

12 

1 r! 

25 

3 

6 

5 

4 

1 

1 

259 

Sensors 
Deleted 

0 

1 

0 

2 

0 

0 

0 

0 

1 

0 

0 

2 

6 

- 

Sensors 
Quest ionab l e  

1 

0 

I 

7* 

0 

0 

3 

0 

2 

C 

0 

0 

12 

- 

A l l  of the s t r a i n  gages were i n  high ; .d ia t ion f i e l d s  dur i f ig the f u l l  power run, 
and exhib i ted vsrying degrees o f  outpit d r i f t .  
as observed dii'Fing post-operative examination was excel l en t .  

The condi t ion o f  the sensors h o w w r .  
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(G! 
f i c u l t y  w i t h  signal conditi-ngnd they exhibited some d r i f t  i n  o u t p u t .  
d a t a  was qualitatively USdble however, when the d r i f t  due t o  r a d i a t i o n  was dis- 
counted . 

Displacement Sensors - A l l  three LVDT's were questio:,able due t o  d i f -  
The 

(U> 
considered t o  be excellent. 

All s i x  strain gauge transducers were consistent i n  performance and 

Pressure Transducers - The f m r  variable-reluctance internally --- ( u )  
mounted Dressure trafisducers (Wianko) wLre operating a t  the cmclusion of the 
reactor tes t .  These transducers indicated lower pressures t h a n  their externally 
rounted counterpart. Three of these transducers were evaluztion units. They 
indicated a n  improvement in uerformance over the varisble-reluctance transducers 
cf the older design. 

(u) 
factori ly throughout tests,  although i t  indicated very slightly lower pressure t h a n  
S ts  externally mounted counterpart. 

(U) 
very weil. 

i U) 
motinted or! the actuator side-by-side t e s t  fixture perfcreed well. 

( u )  
became inoperative prior t o  tests and was cancelled. 
gradation of signal dbove 80 percent reactor poker. 

The one S/G interndl ly mounted pressure transducer operated sat is-  

Externally mounted transducers o f  tne strain gage type ( C E C )  performed 
A?:  35 transducers were operating and rime were considered questionable. 

Accelerometers - The three strain gage type accelerometers (Statham) 

C.f the three internally mounted V R  type accelerometers (Wianko) , one 
The reinaining t\vo showed de- 

(u) 
mounted ?ow temperature thermocouples were operating a t  the end of testing. 
was deleted following damage during reactor build. 

fu) 
a t  the end o f  testing. 
This was resolved t o  be real d a t a  when disassembly revealed that the plug i n  the 
thermocouple hole had blown out permittino gas flow around the thermocouple. 

Thermocouples - All b u t  one o f  the 110 externa:ly acd internally 
One 

!A11 of the 52 reactor high temperature themocouoles were operating 
Only one sensor, a t  Station 26, was considered questionable. 

( u )  
RTT was under-ranged in EP-1 .  

(U)  
formed well durirlg a l l  tests.  

(u) 
were completely operational. 

- RTT - All eight. RTT's performed satisfactorily t h r o u g h o u t  tests.  

Potentiometer - The actuator posi tion indicating potentiometer per- 

Resistor - The four  LN2 reference junction liquid level indicators 

One 
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(u> 
thermocouples i n s t a l l e d  i n  each of the s i x  calor jmeters performed s a t i s l a c t o r i  ly  
dur ing the t e s t  ser ies.  

(u) St ra in  Gages - Fourteen we ldab le- tqe  s t r a i n  gages were i n s t a l  led :  
four were mounted on the r e f l e c t o r  standoff  bo: t o  measure reactor  a x i a l  loading 
mounted on each o f  f i v e  d i f f e r e n t  t i e  rods and were mounted opposite each c ther  t o  
e l im ina te  the bending component o f  the measured stresses. One t i e  rod s t r a i n  gage 
became shorted dur ing assembly o f  the reactor  and was deleted; a lso one r e f l e c t o r  
standoff s t r a i n  gage became open during NRDS setup operat ion and was deleted. A l l  
s t r a i n  gages exh ib i ted  varying dq rees  o f  d r i f t  dur ing the f u l l  power run due t o  
the high rad ia t ion  f i e l d .  

Calorimeters - Tht one resistance thermometer and t w o  chrome?-alumel 

(u) Rate Sensors - An a t tevp t  was made t o  u t i l i z e  three evaluat ion r a t e  
sensor channels, one f o r  gama ra te  and two f o r  f a s t  neutron rate,  f o r  p r i v y  roo f  
wasurements on the t e s t  a r t i c l e .  The gama channel was se t  up and performed \re11 
throughout the t e s t  ser ies.  The two neutron channels were unat!e t o  be so t i s fac t -  
o r i  lj s e t  up p r i o r  t o  the t e s t  ser ies.  

( U i  Post Test E l e c t r i c a l  Checks 

(u) 
t ab l i sh  the e l e c t r i c a l  condi t ion o f  the sensors and t h e i r  connections i n t a  the t o s t  
c e l l .  
made p r i o r  t c  the s t a r t  o f  the t e s t  ser ies.  All sensors noted as questionable dur- 
i n g  the t e s t  ser ies were found t o  have no e l e c t r i c a i  deviat ions from the pre- test  
condi c i  on. 

The post - test  e l e c t r i c a l  checks were made fo l low ing  the t e s t  ser ies t o  es- 

Results o f  t h i s  check wer2 t'.en compared w i  th those f o r  the i d e n t i c a l  check 

(U )  _I D i s i  embly 

(U)  Visual observations wer.? made dur ing the disassembly operat ion t o  ve r i f y  
i n s t a l l a t i o n  pos i t i on  and iutward physical  appearance o f  the sensor5 a t  the e a r l i e s t  
possible time a f t e r  the r e c - t o r  t e s t s ,  as we l l  as t o  ensure the i n t e g r i t y  of the 
sensors tha t  required closer observation dur ing the post-cFerat ive examination. 
I n  general 
condi ti on. 

these v isual  obervations showed a l l  ins t runentc t ion  t o  be i n  exce l len t  

Xeference 28 presents a de ta i i ed  h i s t o r y  o f  sensctr disassembly. 

Post-Operati ve Examination - 
( U )  
ca l ib ra t ion ,  and test. car w i r i ng  were checked. 
strumentation has been cornpieted. This examination comis ted  of a v isua l  i r i s D e c t -  
i cn .  
the questionable or deleted channels. Transducer Derfomance was evaluated arb 
v a l i d i t y  of the output data was confirmed. 

After t es t i ng  was comDlered, the core instrumentation, t ia ta  channel nost 
O ~ l y  t;.e examination o f  core i n -  

Radiography o f  core thermocouples showed no conffrmat ion o f  discrepancy i n  
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3on-Nuclear Yuunted i n s  tru:!eritati on ' \  
i b. 

\ - i  .. \ !an-nuclear rcourtild ir,stru.-.,ntarion pertcrmacce was v e r y  good and described 
ir:e envi:mr:tnt t n a t  exizted i n  the tes t  asserbly. A t3tal of 9G ne~surenrents were 
~\rc!?v':ded fo r  tile X S - 1 . 5  tes t  sfr 'es t o  xmitor parameters o f  temerature, presscre,  
Xtraiq, and vibraticn. Fifty-one df these measurements e r e  diagnostic t o  zvaluate 
t e s t  art icle performance, and 33 5c'ere for evjluation of nek transducer designs and 
WK inqta1la:im techniques, ~r uere usec t o  non i to r  envirznnents i n  tee bicinfty 
if neu transducer c e s i g t x .  

IL; The performance of tbe instruments Curirlg tne f:RX-PE te5t scries, t h e  infor- 
vation obtained regiirding environceqtal sui taSi l i ry ,  .ixd the carrective aczicn taken 
f o r  futt,re tests are sumarized i n  the f Q i l c w i n g  sections. 
sic? c~f sensor performance is giuefi  ir: Refemrxe 23- 

A more detaa:eC discy-- 

'i 1J 1 ! Coqtrol F res sure Transducers 

(i'? 
nozzle chamber pressures. 
crcel lent correlatim; the r a x i n c  channel-to-chamel deviation &served :hmugh- 
u u t  t h e  full pwer rur, was 5 psi  - 
( t i )  Diagrostic Presrtire Transduxt-s 

\C) 
sre;sures. 
t i  m; the raxinum channel-to-channel deviaticn cbj?rved throuqhout the f u l l  power 
FUT: was 6 D S ~  . Analysis of the diffetwtid! pressure transducer showed no daia 
anomalies. 

Three :est car s a l  i-iriotintea Dreszure transducers were used t c  measure 
Lata zcalyjis of trie three Dresstire chancel: shmed 

Three t e s t  car *icpiteo rvessure trzrscucers \re- s e d  t o  masure diagnosttc 
Llatz of the +* : (3'jQIUte pressure channe!s shwed excellent correla- 

i i j j  Resistance Typ3 Teeperaturo Transdacers (2TT's) 

i tor 
vias 

One Rosemount Yodel 134ES platinm teFperature transducer was used t o  mon- 

identic51 t o  the transducers mea s:ccessfully i n  a17 previous NRX' tests.  The 
transducer operated jatisfactori 13 throughout  the t e s t  w i t h  no anomalies. The trans- 
ducer d a t a  revealea no changes froni radiation induced r.c;rtrcn damage t o  tie trans- 
ducer sensins eleroent. 

the LH tmperatxre a t  t'?e nozzle ranifold inlet .  This transducer, PN 248635, 

Surface ;.buntea Therrocouples 

( u )  
teixperature measurenieents wer'2 made wi t n  39 surface Gounted thernoccuples. 

iiozzle, pressure vessel, and  pressure vessel forward erlc! c ,osirre sixface 
Twenty-one 
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uerp us?d for diagnzstjc neasuwmts  a d  15 were used tc s r s ~ o r t  evaluation of 
Surface mounted dewlomfi t  inrt.rmentation- Avmalies were noted i n  4 of the 39 
m a s i l m n t s .  One aPasurerpnt chanwI WGS excessively m i r y  thrw,") iOut  a l l  test 
phases; me channel was ncisq awi t m r a t u r e  exceem the &anne! range; tte tea- 
peraturn of tile other b o  char.nels excerdru me acme1 range- 

l u )  
lirr?.its of f low and tezporature distribution wt?ict. zculd rex': i n  a l a d  of cm- 
plete mixing within the chaElber- 

Analysis i s  presently k i n a  Gerfomed t o  determine the uoper 3nd lower 

(u) 
vibration measurements t o  eqer imnta l ly  determine structural vibrat'roc characur- 
i s t i u  during the :@X-A6 tests.  

S ix  st rain ga3e type (Stathan) acce:erometers  we^ used f G r  didgnostfc 

(C) 
e r m t e n ,  as we?l as tbe observed off-scirle a r i f t  o f  tee fout tb  accelerometer. As 
a rcsult  of We overtieiiting, the d a t j  frcs, the mrainiva  tk'c strain Sage transducers 
are questionakle ui t!! respect t o  rayi tude, bu: not frequency. 

Overheating CrGbably caused the failurn o f  three L F  qix strain gage accel- 
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iL2 Strain Gages 

( i l  E i g h t  themocoucles were used in the f lam-stray test; s i x  were stacdar-5 
surfacr-momted tclemococrples a t . j  tu0 were 532cizi ur,grm~inded tbenr:crvoles - 
primary e j e c t i v e  *as t o  deternine Vie effectidmess o f  e f l z m - s w a y e d  Z I W ~ T ~ W ,  
coating ’n pnviding d thermal tath betwet. t‘te gam-heated sheathed cables and 
t+e *actor oreszure vessel. The secondary objective K ~ S  to deternjne the effect- 
iveness of f3me sptayjng i n  connection w i t h  varicus pletbcds of bondina +&e surface- 
arzcnted themcouoles (totally bonded, b ~ ~ f ~ 2  juncticr. 2nd unhonded cable, uobonded 
j u n c t i a ,  mG rJondeo cable,  and tctaliy unbwckdj. These bonding met~o<is w w  sel- 
ectea ta aid  i n  determinirig: 

-ihe 
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a )  The thema1 graCient betxeen cable sheaths, conductcn. and 
mounting stirfaces for cooled and uncaaled cables- 

t )  The effect on surface-teqwature maswemtts of hising various 
ttcemmuple bonding re&&- 

c) ?he effect on ttx response characteristics of rurfaceaounted 
theraocixples. 

d] 

e! 

The effect cf gafaa radiatim r?n cable insulaticrf wsistatlce. 

The design rerificatior, of the predicted tmperztures f@c a s l e d  
m o  mumled cables- 

f ]  The & i ? . t y  o f  the fjaaE-soraycd ra ter ia l  io bjthstanc! thermal 
shcas and temperature gradients without separating. crackir;;. or spalling. 

(3)  
of the fu l l  gxaier test when the heating races we:? marimat. 

Primary interest was i n  the effects obtained Csring the steady-state period 

(U' All t e s t  cbjectiwt rere tut, except f u r  ope trially bm&d t!!emr.w;e, 
which s h m d  a meraturn di f fe ren t i31  o f  apprax'mtely 350"R acove the surface 
teqxrature - Pos t-tes t exsainatim revealed thot  ttis themcoup ie h3c part ' -1 :y 
lifted fmr t'le pressure vessel surface. The resulting data uere indicative of 
extremely mi- t!!ersral contact and were nct repxsentative of me t-eratbre for 
an unban&d surface thermocouple- Ha conclusions *re dram frora t' tat&- 

i L )  
ceratures t o  the t m e r a t u r e  c f  *e pressure besc_el surf:.ce. ?io s f g ~ i f i i a n t  C i f -  
fxences could be detected betmeer, coridoctcr tc;ll;tercture, cable sheath tePperotwe, 
and 3rpssute vessel surfxe tefseratgre. 
provided the lawest surface tmperature 8nezsurezents. A l l  o t k r  bondins met7oc5 
tested inaicatea higher temperatures than tnase indicated by the totaily bonded 
surface t9emocmC les I 

(i') 3) Pressure Transducers 

\ 

uatiorl as coctrol transducers f o r  use on h E W P  engines. 
s j ~ i ? a r  t o  trans,ucers tested DreviGrrsly on KRX-kS, exceot, that t h e  e le i t r ical  
connector had been re8mved a d  replaced wit!! integral chble and t!!e 5eiaht of the 
transevter had beeat reduced 6d percent- 

%e fla%?-sptayet alum4 rimd effectively redcceed cmle and \-onduc:or tezt- 

T ~ t a l  I 8 bonded surface t9emcouples 

Five redesigced Statham or~ssum transducers kere tested for  nuclear e e l -  
These tracsducers were 

( 2 )  The test  resu;ts s h m e d  t h a t  side-by-side testing o f  transducers i n  s i%-  
l a ted  m o u n t i q  bosses on the engine ncjzzlc i t  d i f f ' c u l t  because of the problms 
ia adequat2ly defining th€ aoszle heat-siG tenperatirres- A wdesign of the 
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i .  1 v:tnm?en:atiim End-t0-Er.d Checkout 

( b i  Ts tr-z-to-end in st run eta tic^ ChecAait was performed for F;RX-A6 ds  des- 
c r i k d  in  Refe-ence 32- The fo l lwir?g  were verified and documented: (1: ccntifi- 
~ + t y  of ea:+! c-anne? ..x ttlc transducer, cr siosest ooint of ternination to i t .  
tc the fiqa: ru_cordi;lg o r  display &dice f n  the i ~ ~ t ~ ' 1  Foint; (21 correct palarity 
cf each o'idme.; and (3) Sail; or setup range !cr 50~9:  o f  each channel- 

(;? A s t ' a l u s  uas apolicd t c  a!? accessible transducers over their f u l l  range 
Ci. thr! mtSWj p - e r F i  ibed in Reference 32- Those tciat uere inaccessible were 
ciecwd out t; the cc-C,m' m i n t  by opalylng a vo?tase o r  -king 3 si;rilar subs t i -  
ti2icc z t  the c\csest ferPirta,ia mint t o  the t r a n s d u x r ,  

- -  \-J 

(2) Cata Evslluat:;ur and Channel Performawe 

li:: 
actor channt::s 
437 faci l i tv  ,iznneis mltiolexed and recorded on tape  ( n a r w  band). 9.annels 
needed for ,ab analysis were srocessed. and Sal-Cum plots were =de for 4,630 
seccnds tee -?actor oceration and 4.000 seconds of cooldm.  Additional olots 
were -iLclsced for special i t m e  intenals  as required for data analysis. 

:n$tmwn-at iwt  f o r  the t;R)..-kE f u l l  power run included a total o f  403 re- 
464 faci l i ty  channels. There were 328 reactor C ~ ~ R R ~ ; S  arid 

(L! ?+ere w ~ r e   MUS chaine; manges incorncrated i n t o  the data and in;tru- 
wntation sys+cu m a r  t o  t h e  hRY-M full Dwer t e s t .  
period of t'n. t n a t  hW-& was a t  t k e  t e s t  ce l l .  we= as follms: 590 new channels, 
133 canceIi - C  chcnnels, and 706 channel sevi;iacs, 

The clianges, ever the entire 



(u) 
'10,000 Hz. 
strains,  and stlected pressures. Channels assigned t o  the wide-band systm e r e  
recorded on magnetic tape and could a l so  be disp la jed  on a CEC oscillograph recorder 
i n  real tam. For W-M,  27 uide-Qand (real tiae) oscil lograph recordings were 
ma&* 

Yide-band laeasureaonts were made c4 110 channels w i t h  b a n b i d t h s  rrp t G  
Thp wide-band systm was used t o  measure accelerat ion,  d i s p l a c m t s ,  

(u) 
(&la vo l t s )  during the NRX-& test series- The Sarhorn charts  were used during d 
test t o  provide quick-look data  and t rend infomat ion .  The capabi l i ty  f o r  this 
fona of recording included ?28 channels a t  the CP and an addi t ional  16 c)lannels 
i n  the Local Control Room a t  tee test c e l l .  T h i s  does not  include the 32-channel 
capabilit). of the Cmtru l  R w  Sanbms,  nor the 15 channels 0: basetat  sanborns 
for the ride-by-side experimxits. 

The Sanborn strip charts  were used t o  record selected hi#. level channels 

(u) 
lo3ging. T h i s  syster; should have provided a d i g i t a l  p r i r i * a t  of 99 channels b r i n g  
IRX-M. Hcwever, a fa i lure  o f  the constant c u r r e n t  power supply i n  the Vidar 
System before the s t a r t  of t h e  f u l l  paer run prevented t h e  acquis i t ion  of any 
data. An invest igat ion of the f a i l u r e  of  the paer supply i s  ncm i n  progmss- 

(4 
carded w i t h  a response of 42,000-52.000 Mr for increased channel response- 

(u) 
c+iannels- k s e  iocluded selected Open-Close l iq i t  ind ica t ions  of ;ralves and an 
&-Off condition o f  alarm, scrams, and commands- 

(U) 
order t o  present the historv  of the s t a r t u p  ram, f u l l  paRr hold,  and s h u t d m  
rap on one IO-inch Cal-Cmp plot .  
c o n s i e r a b l e  noise on me data- Only frequencies up t o  0.0625 Hr ane ~ p ~ s e n * c e d  
with dide!ity. 

( G I  
w i t h  movie cameras, kinescmes, and video tape.  T h i s  inc?uded views of the WR 
and FUi, as well as 'Lhe reactcr during reactor operat ion-  

( u l  REACTOR MD FEEDSYSTEM 3CtcAKlC &iAL!SIS 

The Vidar Systga: was used t o  record %bar levels and perfam d i g i t a l  da ta  

@ne ' 3 m - p l a t e d "  channel ( c a r t  v e n t u r i  d i f f e r e n t i a l  pressure;  was m- 

Tu0 everats recorders yere wed t o  record t h e  binary indicat ions o f  116 

Quick-look data fo r  NRX-M was ieduced a t  0.125 saeqles per second i n  

Tfiis extremely low s m l r ' n g  r a t e  resulted i n  

I: pic tor ia l  h i s tory  of t h e  NRX-A5 Reactor Test Series was made on f i l m  

(GI ueactor 

( u )  
system transfer fufictims wee masured. However, t h e  t r ans i en t s  between h c l d  
goints and es3ec ia l ly  shutdown t rans ien ts  a re  valuable for mdel evaluations. 
coqasison of analog prpdicted s y s t m  pmssunes and data far the EB-IIIA f u l l - p w e r  

SInce the primary objective o f  the NRY-A6 t e s t  was reac tor  endurance, no 

A 
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run is given i n  Figure 5-21 and shws general ly  good agreement. The t h r e e  holds 
were a r b i t r a r i l y  collpressed i n t o  20 seconds t o  reduce ana;og corrputer run time. 
The r e f l e c t o r  i n l e t  terperature and tie rod tenperaturn a r e  sham i n  Figure 5-22. 
Soecial  note  should be made of the goo6 a g r e e n t  of the peak t i e  rod teaperature  
during a shutdarn, 

(L? reedsys tem 

(L)  
EF-I!!A f u l l - p o r e r  m n  is i n  general agreement w i t h  test da ta  as seen ir! Fig- 
LWS 5-23 and 5-24. 
1826 flow during the first  one-half second a f t e r  the s h u t d m ,  ind ica tes  that the 
c,:j&zic ialpeamce of tta2 mde1 should be refined i n  t h i s  region. 

i L )  Owing tee f a c i l i t y  c3eckout tests, bot5 own and closed 1000 freauency 
response measurements were p e r f o m d  t o  determine the dynamics of  the feedsystem 
and t o  evaluate the arralog mode! of  WE feedsystem. Based on the comparison of 
the analy t ica l  d e 1  w i t h  the experimental data  from FEP-I1 and FEP-111, sone re- 
visions were made i n  the previousry formulated Test Cell "C" model (See Refer- 
ence 33) - (a! ?leu Mcrk 25 p q  head and torque char- 
acteristics. ( b )  new bypass valve (L-209) i n  Figure 3-7 c h a r a c t e r i s t i c s ,  and 
( c )  d new t u r b i n e  torque equation. The iuqrovement i n  frequency response due t o  
t ee se  revis ions cah be s e e n  i n  c iguw 5-25. The data  ind ica t e  t h z t  segnentation 
of the hea t  exchanger node! into more nodes nay better rimlate the rapid increase 
ir! phase s h i f t  a t  frequencies greater than 2 Hz- 

The s i m l a t i o n  of the f a c i l i t y  corrponents during the shutdown from the 

me di f fe rence  between predicted f la t  and the on-?<ne calcu- 

These rev is ions  include: 

(4 The predicted enPrgency s h u t d m  (ESD) from design flow conditions s h m s  
good a g r s m n t  w i t h  data  frm FEP-XI1 as can be seen i n  Figures 5-26 and 5-27. 
Fjguw 5-28 zhows the agreenrnt  cd the analog simulation niti: the ESD data d m  
a lcm flm cmdj t ion .  

(2 )  
a te ly  p r e d i c t  the Test  Cell "C" systen; response while feeding a load o r i f i c e .  
The system coqxxeats included i n  the model am shown schematically i n  Figure 5-29. 

(L') 
LRX-A6 may be found i n  Reference 34. 

I t  i s  believed t h a t  the updated ana ly t ica l  model is s u f f i c i e n t  i o  accur- 

F u r t h e r  r e s u l t s  of reac tor  and subsy5tem dynamic ana lys i s  conpilrisons f o r  

COMPONENT EVAlUA310N 

(u: Infarmation for the evaluat ion of t h e  comonent performance of the NRX-A6 
or ig ina ted  from two sources: (1)  da ta  obtained during the tests from reac to r  i n -  
strumentation and ( 2 )  da ta  fram post-operative examinations made during and a f t e r  
r e j c t o r  disassembly. 
reactcs data i s  4iscussed. The obsewations and analyses made as a resbit o f  post 

In t h i s  sect ion the results o f  ioformation obtained frwn 
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PUMP FLOW 
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Figure 5-26. (U)  Si f i u la t i on  o f  NRX-A6 FEP-I11 
Emergency Shutdown fraw Design f low 
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Figure 5-27. (U)  Simula+.ion o f  NRX-A6 FEP-I11 Emergency 
Shutdown from Design Flow 
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(c: Coqmnent rwforraance 1s Lased M two ~ a f ~ r  3m~a5,  data  ana?ys is  and t'le 
Giscussim of ccr-ponent perfomnce.  
c t ia r i - s ta t ic  responses (less t4an 1 HL; i - e - ,  the : l a  respmses o f  the r eac to r  
t: sac!! factcrs as pcaer raws, s+u?darns, an& very-law-frequency pressure a x i l -  
lations! and dynanic mspmses (shock and vibra t ion) .  

gages, the tie b o l t  standoff s t r a i n  gages, the c ~ r e  rad ia l  disp:acemnt trans- 
daters, and the core axid1 displacement rrmsducers. Tne respwlses G f  these 
transducers e r e  coepared uith tfrc responses pvedicted by the Reairor Analytical  
Transient S t r e s s  cocaputer program (RATS:. The dynamic da ta  uas also reduced and 
a sumary o f  t9e crulc'lusicn; from this data i s  inclu&d- 

Coilsidered i n  t !e  a a t a  ana lys i s  a m  bat!! 

The q u a s i - s t a t i c  data ara l j - s i s  'ncloded t h e  da ta  fmm the tie rod strai: r . . \  
\ d J  

(21 
i n  Reference 35. 

A more detailed disclissim cf the w s u l t s  of the data analysis i s  presented 

w 
(5 1 
prosram probided a pawerfui tool  for %e m a c t w  post test data ana iys i s .  The 
WTS progran, ca lcu la ted  the  d i sp lacemnts  o f  the M j O r  reac tor  conponents, syz t ez  
forces ,  certain cri t ica:  stresses, ar,d o the r  parameters o f  s t n c t u r a ?  irlterest. 
The output frcm RATS was stored on magnetic tape and availa?lc f o r  fdrther analysis ,  
taku'ations, 3r  o lo t t i ng .  3 e s e  clctted results omduzed t h e  ca l cu l i t ed  quasi-  
s t a t i c  s t ruc tu ra l  resocnses o f  the KR1-M r e a c t o r  fcr the aaeasumd thr?ml and 
~ m s s u r ~  tes t  condi tiom - 

Oata Reductiac Syrtm and Peactcrr Hodel 

The coupling of the N W  prograe (uechanical h z ? y s : s  G f  Data) t o  the RATS 

(1' 
replays o f  the analog w i d e  band type c+annels. Tim s l i c e s  of inteiest were then 
subjected t o  ware aca'fysis t o  obtain DOwer spec t ra l  d e m i t )  data (PSO) rnd t o  
determine the frequency control o f  the dynasic signals- 

(2RC) Core!Refl2ctor 9e;ative Radial Displacement: (U) 

(CSC) 
gap chanoe, tne m a x i m  error k i q g  about XI percent. T h i s  d i f ference was apparent- 
ly  due t c  the invetsed t ransverse t h e m :  expansion coef f ic ien t  o f  the NRX-A6 fue' 
rellative t c  e a r l i e r  l iRX ftiel. 
coating on the RRX-% fuel e l e m n t .  
caused an increaseG expan5ian o f  the graphi te  uaatsi x. 

The dynamic afialyc,is s t a r t e d  w i t !  a v i s u d l  rpiriek o f  the xc i1 ;ographic  

The m a w r e d  average gac change %as alcays h i g h e r  than the calculated 

The i n c z a s e  was due t c  a lwer terrqerature bore 
The higher expansfon of the bcre coat ing 



Id1 T i e  R o d  Strains 

(C) 

a l l  gages d r i f t e d  excessively duririg ft~'11 power, probak;y due t o  rad ia t i on  exoo- 
sure- 
af ter  the start  of the paves run- 

The one operable t i e  rod s t r a i n  gage provided good data uhich coqarea 
W i t h  calcd iat ions during s ta r tuo  and a t  the core s t a r t - o f - l i f e .  H ~ w r  -er, 

This d r i f t  was so grgat t h a t  the t i e  sod s t r a i n  &ta w a s  of l i t t l e  value 

(GI Core Ax ia l  3isplacenents 

(til The L V F ' s  (displacewent transducers) between the care and the SuOPwt 
p l a t e  gave readings duving the s tar tup  and s t a r t - o f - l i f e  t h a t  bere i n  very good 
agreeaent w i t h  predjc t ions-  
of C r i f t a t y  due t o  radiation dam- or internal heating- 

fu) 

(Uf 
t es t .  
ducers, pmbably due t o  the lmer r a d i a t i w  e-osdre. 

(4 
was not as good as f o r  the otner  %strunen&. The cause o f  the differences has 
no t  yet been determined- 

These transducers also exl i tb i ted a sigfiificant aaruult 

5 tandof f Bo1 t 5 t r a ins  

The standoff b o l t  s t r a i n  gaps  gave aata *,id appeared v a l i d  durir.9 tne 
The dr ; f t ing  was mch less than w i th  the t i e  rods and di+pla-nt trani- 

The agreement be-en the calculated and predicted values fron these gages 

(UJ Lonrro? Drum Torques 

( W  
dnm rubbing or s t i ck ing .  
tun. 
s i b l e  t o  d i s t i ngu ish  the actl;al torque leve l  $elm 50 in-lbs. 

Exminat ion  o f  the control 3r-m torque data f o m d  SO evidence of cor i tm l  

Because of t ! e  la rge c b n n e l  setup to detect d r w  rubbing, it was not p ~ s -  
The t o q u e s  were a l l  less than 50 i n - l b  throughout the 

(21 w a m i c  Data 

(a 
d e  s tar tup  t o  the f u l l  power run was very severe, a t  l eas t  on the prpssure vesse? - 
The severe pressure vessei v ib ra t ions  were attecuated before they reached the 
reactor, and no dynamic breakaway o f  the core was irrdicated during the test .  

( t )  
by the coupling between t ! ~  nozzle mechanical v ib ra t i cns  znd tne nozzle chanrber 
acoustic v ib ra t i cns  during +,ne 2000'9 hold. 
t ions depeqds on tne chamber t e v e r a t u w ,  whicn was r e l a t i v e l y  constartt during the 
2090"R hold ,  the v ibrat ions can ia rge ly  be de ture l  f o r  a n j  fu tu re  T a c t o r  t e s t  by 
changing the ncm<nd? chamter tcnperdtum hold ( t o  1800'R, f o r  exampk). 

(u) The var iab le reluctance accel- 
erometers on the corn support o la te  should be re:laced cr modified t o  p e r f o n  a t  
opvational temperature ;im;ts. fne frequency rmge c f  the dynamic displacement 

The NRX-A6 dynamic data ind icated t h a t  the v ib ra t iona l  o*iviroNnent during 

I t  appeared the? the large engine vibra:ior,s durins the s tar tup wte caused 

As the frequency o f  t!-e acoustic v ibra-  

The q u a l i t y  of the dynamic data was poor. 
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gages was insuff ic ient  to provide ackquate indomation during reactor vibrations- 

(i') The getera1 appearanre o f  the NRX-M t es t  a;ticle was excellent. as s h m  
i n  Figwe 5-30, which i s  a photograph of the t e s t  a r t i c l e  taken imediately after 
retun: to the R-WU d i s a s r d l y  bay. 

(U) 
that  the aYRX-A6 reactor can operate a t  o r  above rated conditions for 60 minutes 
w i t h o u t ,  aeletesiaus effects on the reactor system coqonents- 

(U) Th is  section covtains a stmmary o f  the reru l ts  of the WRX46 disass-ly 
and post-operatire examinations OF. a l l  major reactor coLpconents, except fuel ele- 
men: performance which i s  discussed l a t e r  i n  t h i s  rec t i cn  of the report. Evalua- 
t i on  &.;7d analysis of the dynamic tes t  data has been previously described i n  th i s  
section. A mlp detai led discussion of the disasseably and p a t - q x r a t i m a l  ex- 
aminations i s  given in  Referecces 35, 36, 37, and 38. 

The results of the disasseib?y and post-operational examinations confirmed 

(U) 

( d j  Simulated Shield 

Son-Ticclear (Structural) Reactor Cmponent Examination 

(6) 
n3 tes t  induced dwicy  observed. 
forward face i n  the seal block areas. Analysis of t h i s  deh-is indicate4 i t  
resulted from grinding 6f the seal blocks and instrumentation leads durin6 
disassenbly- 

The s imla ted  shield was i n  excel lent condition following the tes t  w i t h  
A sraall amount o f  debris was observed on the 

( 3 )  
ii excellent condition and we- free o f  reactor operation debris. 
howverb s l i gh t  evidence o f  staining on some of the screens- 

(u)  C o r e  Support Plate 

(9) 

All flow scl-eens (located on the underside o f  the sinulated shield) were 
Them uas, 

The core support p late was i n  excellent condition nitn no evidence o f  
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debrii o r  wear pa rk  on eit!er f c n z r d  cr a f t  surfaces. Hetallqraphic shmples 
af tne support plate showed ca unexpected nxa l i e s .  

( u t  Cmt-1 Grur W ; e  Shafts 

(u) 
f a r  contaninan: was prescrrt a t  rhe forward ends of some o f  the shafts. 
wear, or burnish narks were observed od; bie face ;f the toDth nearest the domle 
twl! of shafts 3 ana IO. 

A ? ]  were ir! genera!lJ excelimt condition. A ;rail  amount o f  dark y a n u -  
S ; i g h t  

4u! - 5tive Shaft Guide Tube -- 

(3) A smal? amuni of dark g r a n u l a r  material, subsequentiy anaijzed as cutting 
debris, was observed ~n Lne ends of the tzbes. The tubes were otherwise i n  erice'l- 
lent zmdi tiori. 

(i') Reflector Asser&ly 

Ths XRX-A6 was the f i r s t  reac tor  t o  employ the three annular Ler l l iw d 
( * o j  
.JI 
rir.Gs assenbled (stacked) i n t o  a single reflectcr. 
a two-reflector systec, zn inner graphite cylinder, and an outer beryl?im cylinder 
made rlp of 12 full-length segments. 
ferent d i  sasembly technique and both disassenrbiy and pos t-operational examina- 
tions were modified t o  take intc account the somenhat different rpquiremnts. 
%?X-A6 reflector was functionally adequate for the NRX-& tes t .  The reflector 
perfavmce did  n ~ t  limit t h e  reactor performancs. 

( J )  
tne cectra? df:3 fcrward end reflector r:sss. 
detected i r  the reflector sectcrs of 33; crevious reactors, excect NRX-A1,  which 
has a :old-flw tes t  cily were qui te  exterisive and occurred or botn internal and 
external reflector surfaces, particularly :R areas adjacect t o  cortrol dnm ousi- 
tions 3, 3 ,  6,  9, 10, and 12. Swing  separatics of t b P  uDper and loner reflector 
r 'ng haikes, (which was accmolishrd af tor  scoring and wedging amrt the u p p e r  
r i n g  ilalvos a t  the no. 4 and no. i0 c a n t r c ?  drw. cavity a reas ) ,  triangular s!med 
pieces of 3erylldw fe l l  fm the parted surface i n t o  the control drw cavities. 
The aoCearance o f  these Dieces, as weli 3s  the apc.earmce of the parted reflector 
surface i n  some lo ra t ions  Dossessea a brittle, g:nss_v fracture indicative of an 
i r r a d i a x d  type failure, Sec Figure 5-3i (. 

Previous reactors ha utflizet 

This new s y s t r  r e q u i r e d  a considerably d i f -  

The 

During an early s tage of  disaszerbly, tbe amsence of cracks was noted i n  
?ne cracks, wkich had nct  been 

i d !  
cti: t c  eva7;ate the t o t a l  reflectclr crack oattern,. .?s a result ,  axZal cracks were 
detemined t o  bit Dresent i n  two oi' the three rings cf the mflector.  
cracks were generaliy lixited t o  the v i c i n i t y  of control dram cavities, a l though 
5c-e a x i a ?  crackiqs was also observed i n  axial coolant hole locations. The mst 
severe axial cracks were those associated w i t h  c m t r ~ ?  drum webs. 

An extensive dye penetrant 2xinination aod crack rraopina program was carried 

The a x i a l  
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(U)  
outermost spigot surface on the a f t  end, and the innermost surface o f  the gr00v2 
on the forward end. The a f t  end r i n g  d i d  not  contzin a x i a l  cracks, although small 
circumfemntidl cracks were observed on i t s  forward face near the no. 3, 6, and 1: 
control drw locations. 

The nost severe circumferer?tial cracks occurred in the center r i n g  a t  the 

(u) 
reflector near the end of the full  power hold, the presence of these cracks had no 
significant effect on my parameter reasured dur ing  testing. 
o f  the reflector has since been performed from the standpoint of materials proper- 
t i es ,  d i s i g n  requiremnts and reactor ooerating parameters. As a result of this 
analysis the following conclusions have been reached: 

A1 though n m r a i s  axi a1 and ci rcwferenti a1 cracks occurred i n  the NRX-AS 

Considerable analysis 

1) The cracks resillted fmn therra? stresses i n  the reflector r i n g .  

2 )  The cracks occurred about tko nintites before t'le end of the full  power 
r u n .  A t  this t i= the increased thema? stress exceeded the strengtn of the beryl- 
lium reflector ra ter ia l .  
decrease were 50th dtie t o  irradiation effects on the bepl l iun  rater ia l .  

'ne therral stress ipcrease 3nd t b e  Fracture tou~hness 

3)  The sequence o f  cracking acpears to have been as follows: 

a) The outer web cracks developed 

b >  The  inner web and tongue and groove cracks developed 

4 )  As a result of the pcst t es t  analj-sis and testing, irwroved themal 
and s3uctural techniques have beer. developed f o r  the analysis of the stresses i n  
the r i n g  design berylliu!a reflector. 

Future reflector designs will have t o  be subjected t o  a very detailed 5) 
mermal and structural analysis, including the effects of variations, t~ assure 
re! i able operation for the :;ERVA reactors. 

The instrumentation on the reflector t i e  bolts indicated t h a t  the t i e  
bolts operated a t  3 higher stress t h a n  predicted, bt i t  s t i l l  below the yield strength. 
However, the reflector reached a terserattire o f  525'F while in the R-V-43 building. 
Calculation; icdicate tnat yielding o f  the t i e  bolts wogld occur a t  this tenper- 
ature. 

The a f t  suoport ring adequately supported the core and reflector loads. I t  
exhibited discoloration and chipping a t  t h e  a f t  end which r2quires further anetallc- 
graphical tests.  

(u) 
( u )  
poxling t o  sea? r i n g  interfaces. 

Seal Rinqs 3etween &ore SuFport  Flate and Shield 

Wear narks o r  sl ight burnishing marks were observed i n  locations corres- 
These markings were considered nornal. 
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( U )  Cluster Plates, Cold End Cluster Hardware 

( U )  Although the overall view of the cluster plates showed a discolordtion 
pattern, a close visual examination showed the discoloration t o  be superficial. 
(This condition has been noted on cluster plates from nearly a l l  nrevious reactors) . 
The orifices i n  the center bushings were observed t o  bs unobstructed. All c010 
end hardware; i.e. tie rod nuts, holders, sp i i t  bushings  and washers, preload 
springs, were observed t o  be i n  gcod condition. 

(CRD)  A f t  End Suppor t  Ring ( U l  

( C R D )  
lines a i d  several chipped o r  deposited ?.was were observed. 
ch ipped  or deposit locations appeared yellow i n  color and was found +o be very 
br i t t l e .  Metal 1ogra;hic examinaticii showed the base material t o  be contaminated. 
Init ial  testing has not shown whz,c the contaminant i s  and further testing wi l l  be 
required. All the chip5 or der,osits were on the a f t  end inside diameter o f  the 
rings. 

(E) Tie B o l t  Standoffs - 
(U) 
7 en t condi ti on. 

The inside sarface of the a f t  end support r i n g  showed disccloration flow 
The area around the 

Two of six t i e  bolt standoffs were examined in detail ,  and were in excel- 

(1;) Lateral Support System 

(E) 
This  syster.1 was built  icto the berylliuc reflector and htilized angled seals t o  
provide hndling t o  the core and axial sealing i n  the space between tne core and 
the ref 1 ec tcr . 

The kR.X-A6 reactor had a completely redesi ped  lateral su7port system. 

(u) T5i  s redesigned lateral support system functioced perfectly i n  the NRX-A6 
t e s t .  The t e s t  demonstrated t3at an angled seal lateral support system can per- 
fsrm properly i n  a reactor environment and indicates t h a t  i t  i s  a suitable chaice 
for the NERVA reactcr. 

1)  Inner Seal Segpents - The general condition of a l l  seal seqments 
was aood. All segments had clear flow holes w i t h  minor coatina Dresent O n  soqe o f  
t h e  a f t  end segments. 
nlunger CCntact was made. No cracks or cwrosion of seqments was noted. 

Sow sl iaht  oolishinq of the searents was observed where 

2 )  Aft Outer Segments - ?io evidence of  corrcsioc was noted on these 
seqrnents, although the coating on these secjrcents contained oteled flaked areas. 
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3)  Insulating Segments - - The insu73ting segmmts, located behind 
the outer S E ~ '  segments, were i n  excellent condition w i t h  EO indication of  flow 
o r  corros i on. 

4 )  Outer Seal Segments - All appeared i n  excellent condition, w i t h  
no svidence cf wear, darnaqe, or corrosion. All flow channels were open, and there 
was no indication o f  segment displacement dur ing  operation. 

3 )  Plunger Pins, Plunqer P i n  Sleeves, and Plunqer P i n  Caps - A l l  
plunger pins w2re i n  good condi t ion.  
observed on pins as follcwi:: 
the surface where contact w i t h  the seal segrrents was made and 3n the surface where 
t h e  p i n  rides against the inside diameter of the reflector. 

Polished o r  burnished marks were typically 
On the surface where the spring made contact, on 

The plunaer p i n  sleeves were also ii-i excellent condition, a l though  
sone showed a brownish ccntaminant on the OD surface. 

Plunger p i n  caps were i n  excellent condition, w i t h  no observable 
evi dence of 1 eakase. 

5 )  Lateral S u p p o r t  Springs - A l l  lateral support springs were i n  
excellent condi t ion  when examined post-operational ly. Post-test spring constant 
determinGtions were performed on a nuder of  springs to determine the effects o f  
the f u ; l  power r u n  on stress relaxation. 
the accuracy of the .masurements (approximateiy 5 percent). 

(u j  Reactor Core Component Examination 

(U) 
the NRX-A6 t es t .  The interior fuel element and the central elements sbrvived the 
f i i l l  hour run  w i t h  no structural damage and a smaller than expected corrosion w 2 i g h t  
loss. 

Fio pemanent set  could be detected within 

The performance of the core was the most optimistic result obtained frcjrn 

(U) The t i g h t  core exper'rnent (close elewnt envelope and aver-sge s ize  toler- 
ance and selective assembly of  central eleriiects) was very successful, elim-inating 
the problem cf fuel element surface corrosion. 

( f j j  
bonding the elemeets together. Except for creating disassembly problems, t h i s  
effect was n o t  harmfui. 

Pyrolyt ic  graphite deposition again occurred a t  the mid-plane o f  the core, 

( C R D ;  Insulatinq Fyrolytic Tiles (U) 

( C R D )  Tiles were bowed no more t h a n  the bow of the t i l e s  i n  the unrestrained 
conditions prior t o  assembly. 
rows o f  seal segnents. Some l i g h t  corrosion was observed on the I C  side (fuel 
side) occurring a long  t i l e  edges from approximately S t a t i o n  16 t o  50. 
t i l es  were broken as a result of the tes t  run.  

Ligh t  sooting was present a t  locations between the 

None o f  the 
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The jeneral appearance of Dyrolytic t i  les 3s observed d u r i n g  disasseribly 
operations i s  sbwn i n  igure 5-32. 

(CRD) Grsfoil Wrapper (U)  

(CRd) 
shad the corrosion oatterm which were present. 
contained corrosion *:..id; sf varyicg size and number which occurred i n  greater 
degree on the a f t  er;ds ct the wrapper. 
patterns of Btial corrcsion were present. 
ir. ( i  . e . :  the heaviest corrosion occurred 01: the outer ?ayers o f  the wrapp;r a t  
locations corresponding t o  the gaps between overlying insulating t i l e s ) ,  and the 
second pattern prxjressed from the inside out  (the heaviest corrosion occurred on 
inner wrapper layers a t  locstions corresponding t o  gaps between underljliny f i  l i e r  
s t r ips) .  
layers of wrapper t h a n  those on either inner o r  ctutcr surface layers. When viewea 
externally, wrapper indectations were observed from the outboard side of  the f o i l  
layers, beginning three or four  inches from the forward edge of the wrapper and 
continuing the length of the wrapper. These indentations were due t o  pressure 
deformation of the wrapper i n t o  corroded cjaps betiieen f i l l e r  s t r ips .  When viewed 
interna?ly, i t  was observed t h a t  corrosion was moct extensive i n  areas adjacent t o  
thinner f i l l e r  strips and to  periphery elements that possessed notch-type bore 
corrosion. 

(U) _. - 

The grafo i l  wrapper was removed a layer a t  a time, and was photographed t o  
In general, the wrapper layers 

Detailed examination showed t h a t  two main 
One pattern progressed from the outside 

I n  general, the corrosion patterns were less severe near the midd'e 

(!Xi)) 
nine layers of f o i l .  Where this condition occurred, the iayers s t i l l  retained 
sufficient ifitegrity t o  p e r m i t  them t o  be yemoved i n d i v i d i J a l l y .  
nine layprs had been penetrated locally by corrosion patterns, the wrapper was 
sdfficiently intact t o  re ta i r !  i t s  function 3f sealing against core radial inf low.  
The appedr3nce o f  a single thickness of g ra fo i l  i s  shown i n  Figure 5-33 af ter  re- 
moval from the core periphery. Corrosion channels, depicting the f i l l e r  s t r ip  
gaps over which they l i e ,  are shwn. 

w 
?he wrapper gave a radial flow seal over rnxt ;c the core fo r  the entire t e s t  in 
spite of corrosion from the wide f i l l e r  s t r ip  saps on the inside and the insulating 
t i l e  2aps on the outside.  The good appearance of mny of the geripheral fuel ele- 
ments showed the benefit t o  be obtained from sealing the core from the cold laterai 
support cool an t f 1 ow. 

( v)  
posed strain i n  t h i s  single cycle tes t .  

(CRD)  Fil ler Strips {U)  

(CRC) 
of f i l l e r  strips are placed i m d i a t e l y  adjacent t o  the core, w i t h  the thermal 
insulation olitside the r ^ i  ler s t r ips .  As a result of the h o t  buffer exporiment 
and post tes t  analysis of NRX-PS, i t  was realized t h a t  hot buffer f i l l e r  s t r ips  
were marginal. An attzmp t o  improve the performance cjf the NRX-A6 hot buffer 

A few locations were observed where corrosion paths existed through a l l  

Even though a l l  

The wrapper experiment 0'1 NRX-A6 was successfui + n  spi te  o f  the severe tes t .  

There was no evidecce of tearing of the wrapper due t o  the t h r ! n a l  ly i m -  

The f i l ler  strips i n  the N!?X-A6 were of the h o t  buffer type. These types 
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s t r i p s  was nade by the insertion of a pyrsfciii s l fp  plans betweer! the f i lrer strips 
and tne core tr: reduce friction forces daring t h e  startup t ransiwt .  

( C )  
the reactor perfcrnance. However, they were not  stifficient to crevent filler s t r i p  
dimage and l x a l  peripheral e'lemnt dar;;age under the actual w c  cocdSticns. 

This irqrovenent was succcssiul i n  t he t  the f i l l e r  s t r i p  d i d  not  QearJGe 

(3) Sow cracking o f  the sra;? f i l l e r  s t r ips  zrobab!y occurred du!*lns t!e starh- 
up tratxient tc  rated conditions. F u ! ~  treaks formed ir! these and oteer  st r ips  
dur ing  shutdown under t!!e ccxzined effects of cormsion, gradiect stresses and 
f i l l e r  s t r i p  b r idg ing .  

(CRD) Ctiring disassehly,  a t c t a l  of 71 f i l l e r  s t r i p s  were 23served to be bmken, 
w i t h  the t x a h s  occurring m s t  frouuently i n  tnc r e g i m  between Stat im 25 and 
Station 35. A s m , a r y  of the f i l ? e r  strip breaks is s h a i n  helm. 

Sector ti!?% er  

1 

3 
3 
5 
6 

9 
L 

( CRS 

9 
tota  1 71 

- 

Tqpical?,, f i ?  ter stri?s had the foflcming general appearance: 

Ad. -.ring grafoil frictiofi foi l  on the f i m t  3-8 ifiches of faces adjacent 
t o  fuel elements. 

(CP.9) L igh t  t o  nodcrate soot ins  from Staiior! 16 t o  26 inches os1 faces adjacect 
t o  fuel elewfits, with heavaer cormsicn near t h e  a f t  end- 

Discoloration and/w 5letxjshing of the coated surface Srurn mid-band t o  
a f t  end. 

titt?e or no corrosion of the coated a f t  ends o f  the f i l l e r  strips. 

Al though  appr9ximately 45.5 percent o f  the f i l l e r  s t r ips  sustained one o r  bf 
mre b r e a k s ,  when exarriined Dost-operationally, only four  w a l l  pieces of Cillcr 
s t r i p s  became displaced f r o m  :be core, aitd these did n o t  b e c m  disolaced u n t f ' t  
a f t e r  tsmination of the tes t  run. These pieces were the a f t  two inch sections 
o f  fillers 3-11, 4-11, 4-13, and 5-13, which f o l l  f rom the nozzle during trunnion- 
ins i n  the disassembly bay. Examination of t h 2  fracture surfaces of the four 
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pieces indicate4 they were ~ & i t t i i c a ?  breeks rather than corrosicz seoarations. The 
owerail p ~ f ~ a a ~ a n ~  of t!!e fjller strics w a s  act  cQtice&lv affected 5y the breakage 
sus+ai nes - 

Filler Strip Keys 

All f i l l e r  s t r i p  keys were detac+ed fmn t r e  fuel eleneqts he r !  exabdned 
durifig Oisassd ly  a r a t i m s -  Exan'Nticn r;f t!!~ teys i5:di:ated that  they did n o t  
break, ?eel ,  o r  snear off,  as ~i evi&nce c f  rechartical dam? t o  edges of Surface 
of the keys was noted- ScoE i n f o w + - i o n  is auaiiable &id! Iridicates the keys ~ n a j  
have become detached f t x  the elewnts d u r i n c  t9e wst- tes t  c x l d m  wriod. There 
YES PG indicatiw. L!at loss cf tt.e Lejs p m a c  
operation- 

adverse effect upx reackr 

( G I  X r , t i  Fticz;w. F ~ f l  

( 3 )  
relat've aoweaent o f  per;oherai elemnt5 ~SRC f; l i e r  ztrjrjr during startup transients 
w i t +  ninirJr1 f r i c t iu r !  farce. The fo i?  genera!1y wnaineo i~ p?am tctr,l;ghwt the 
test run, aithougt sane ccmsiw.  bas , m s e ~ t ,  mrticu?ar?y a t  tee a f t  ends, t!!e 
general condition was excellent. Significant ccr.xsiw o f  t+e f c i ?  was pesen t  a t  
the  efecPnt cOrner-5 mere notch t y p  crachinS o f  t h e  elemnts occurn?d. 
the fo i i  kecam h n ~ u  -I I,.., ".% -___ I*. tz %%e ~cat-rl ?mer erids i-f the fuel 
elements; b u t  m i n e d  attached t o  t+e fomard end of Lee f i l l e r  s t r ips .  ??we 
wac GO indicatior, cf circmferpratjal disclacement. 

(0) Liner Tubes 

(CPI]) A I ?  liner xbes exmined apoeamd i n  qmC condition. 
surface Gas clear! except for r f n ~  deposits o r  aiscoloratim which occurred a t  nearly 
a? l  insulating sleeve j o i n t s  ktueer! Station 1G acd 4C- The fornard portion of the 
liner tube contained more ddSCOkFdtiim mas, the a f t  end. 

Tne antT-friction f c i l  was adoea to  the core ~ r i p h e 9 -  regior2 t o  permit 

ikneralhy, 
- - 4 - 2  * -_-__- *b ---- 

Generally, the exterior 

P v r o  Insu?at-;ng Sleeves 

(CSD? 
mately) were relatively ucaffected by corrosioc. Joint corrosion and streaking 
occurred on s!eeves beginning a t  about the nidclane and continuing t o  the a f t  end ,  
w i 3  s m  qinho!ing andior u n d e r c u t t i n g  observed a t  the spigcted j o i n t s .  The a f t  
end sleeve bdstained comsiori on the 03 approximately 8 mils deep on the last  1 1/2 
inches. 
grauhi te sleeve cornxion, and the cmonents successfully fu ld i  l l e d  their intende8 
objective cf p m t e c t i ~  the t i e  rods from overneating, 

The cyrofoi1 and zymlytic graphite sleeves fomard o f  Station 20 (approxi- 

There was no indication o f  gmss l iner tube darage as a result of pym- 



( G :  Jet 3ri f i ces 

(:: All orifices were i n  place prior t o  removal o f  :he c!uster piates. Yowever, 
era-ination of t h e  forward end o f  the core s h w d  that the orifice cement was loosen- 
end and d r i t t ' c d  by exposure i n  the h i g h  radiation f ie ld  durjcg 2nd folloning the 
t e s t  tu!. %ring  the lengthy disassembly seqwnce, the orifice cemnt continued t o  
deteriorcte fma subjection to  the h igh  gama levels present. and as a result of the 
podding given to  the corn &ring attempts to  unbod fuel elementq, This wsultea 
fs away orifices beaming detached fmm the fuel dusins 5113sequect handling. 

[ u: Support Blocks 

(L: 
Slocks ficished the t e s t  i n  near-new ccndition, the irregulzr pripherzl  blocks 
siffe=d external surface cracking, DrOCably during t h e  fas ter  t h a n  planned startup. 
me 3703"R hold planned to  liiFit the blcck stresses was not u t i l i z e d  and calculated 
stresses for the actual trafisient exceed the support block s t r e n g t h  i n  the mri- 
ccleral blocks. The subsequent czrmsion dwcng the hour run did nct destroy M e  
? u d  carrying capabili ty cf tke blocks- 

T k  support blocks i n  M U 4 6  3150 functioned satisfactorily. The regular 

The sooting mi& has been encountercd on blocks f r w  previous reactors was 
noticeably absent on YRX-A6. 
t ive  OT forleign materiai g-dijijjy oxl&s of ix l ,b&i i i -  
shwed sidewall cracking and subsequent -incr undermining corrosion where the cracks 
occurred- 
sion was associated w i t h  the forward cracks. 
excellent adhesion of the NbC clwting which Mas deposited a t  lower temperatures 
t!an used previouslq.. 

Instead, there were p r e s e n t  b l u i s h  ceposits, indica- 
5- p e r i p h ~ r s 1  bicckr 

Sone also contained cracks irn the forward faces, b u t  i i t t l 5  o r  no co~ro-  
A l l  regular suppor t  ILlocks retained 

(2i Composi te  Cups 

(111 
t i e  cups shcmed l i t t l e  or  no coating loss; they possessed s m  b i u i s h  o r  brownish 
discoloration, and a few contained minor surface C M C h S  OR the a f t  rim. A few cups 
sustained more severe damage. These seven contained 1 angi tudinal si drrall  cracks 
and radial cracks on the fianges. These cracks are apparently caused by the conbin- 
ation G f  the transient t h e m i  stress durino_ startup and the chilling effect o f  
leakage flow which appeared a t  the cluster aft end hardwzre. 

; L') The axial crack i n  the peripheral composite cups resulted from the h i g h  non- 
s y m t r i c  transverse temperature gradient across the diameter o f  these cups. The 
post t e s t  analysis indicates that a gradient of twice the allowable existed i n  these 
cups. 

The condition o f  comoosi t e  protection cups was gencral!y good. Typically, 

These cracks d i d  n o t  degrade the reactor performance. 

i) Tungsten Cups 

ti ')  
contained a sma?l crack i n  the shortcup and seven other cups contained small side- 

The condition o f  t h x e  cups was generally excellent. ;lowever, one cup 



s 
wall blisters- Perfomnu? of both types cf tungsten cup did not w e a r  impaired 
by t h e i r  past t e s t  condition. 

(U) 
00 coating, light corrosiwa on the f o a m !  face (associated w i t h  irsulating sleeve 
comsicinj ana light corrosion on the Ob c.6 the cups. 

Typical insulating cups contained i n t a c t  inside diameter coa t ing ,  missing 

(u) 
h i c b  i s  believed t o  have contribbted to the s d t  insulat ing sleeve corrosim WE- 
ti oned previous ly - 
(CRD) Central Unfueled E lernects 

(CRD) 
no surface corrosion and i n t a c t  bore coating. This was the f i rs t  reactor i n  which 
a11 the central  elements uere coated. 

The pyrofoil washers ka-e substant ia l ly  corroded i n  most ca ies ,  a conditior, 

The centml  unfueled eletnents were i n  excel lent  condition w i t h  l i t t le o r  

( U i  
i n  the central element, but not t o  an unacceptable level. 

The f a s t e r  than planned s t a r tup  on the EP-IIIA tes t  increased -She stress 

(u) Tie Rods 

(u) 
other than s l i g h t  discoloration. R 3 o m  temperature and elevated temperature tensile 
tests of i r radiated NRX-A6 t ie  rods are being performed. 

(U) 

(U) 
or  deformation indicat ive of r u n  damage w a s  not detected. 

(u) Test Art ic le  Radiation 

(U? 
vessel mid-noint indicated a radiation of 330,000 Xlhcur ,  aDproximate1.v 72 hours 
after the f ina l  EP. 

All tie rods a3peared i n  excel lent  condition, w i t h  no observable damage 

Locatinq Cone. Par t ic le  Catchers, Pa r t i c l e  Catcher Screens 

These components were found t o  be i n  generally excel lent  ccndition. Wear 

Radiation readings taken one-quarter inch  f r o m  the surface of +he pressure 

Radiation readings taken of the t e s t  car  a f t e r  removal o f  the PVARd/nozzle 
assembly averaged 200 mk/hour, a t  twelve inches from the test car  surface,  altho2gh 
one area o f  the car  gave a reading o f  2 R/how. Considering t h e  1 hour duration of 
f u l l  power tes t ing,  t h i s  value is extremely low, and a t t e s t s  t o  the effectiveness of 
the external shield employed during the experimental test runs. 
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ut- 0 -- 
IURX-A6, the f i f t h  NERVA reactcr, was successfully tested f o r  62 minutes 

s d e r  single cycle, f u l l  m e r  conditions on 15 December 1967 a t  Test Ce:? C. The 
reactor bas re turned t o  R-(rAD or; 21 3ecedw f o r  disassedly.  
core uas comleted i n  April 196E. 
1433 were photographed on 70 m f i l n  and e r e  examined visually by a f i l m  viewer. 
kmruximately 1u)O elements were sectioced f o r  incremental h q i y h t  loss evaluation. 
A discussion cf the results of the fuel elemnt exminaticn is given i n  this Lec- 
tiw.. A more detailed discussion of the NRX-A6 fuel zlement examinations is giver 
i n  Reference 39. 
are  s t f l l  ir. progress and w i l l  not be discussed in this regort. 

Unstackina of the 
4 total of  1571 fuel elements we- weighed, 

Some hot cell examinations o f  frrel elements, such as metallography. 

(emf General Observations (2) 

(CRO) 
inter-element bonding, mi Id surface corrosion, low pinnole densities, lower mid- 
band weight losses, and higher  hot end weight losses relative i o  NRX-AS, and excel- 
lent corrosion resistance and i n k g r i t y  of the d f t  unfueled t i p .  Some variation i n  
corrosion performance was noted between t h e  various matrix-coating batch types 2nd 

ever, as had been observed i n  previc,us NRX reactor tes ts  [see References 40, 4i 
aqd 42).  Notch-type corrosion patterns similar to  those observed of! peripheral 
M X - A 5  element: (see Reference 41) were agair. observed on the peripheral faces o f  
some NRX-A6 peripheral elements, although the fraction of peripheral NRX-A6 elements 
affected was lower. The weight iosses observed i n  the NbC mtrix-additive dnd Nb 
resinate impregndted experimental elenents were somewhat h i g h e r  t h a n  that of cm- 
parable s t anda rd  core fuel elements. 
axial variations i n  fuel element incremental veight loss. 

The perfomrice of the NRX-A6 fuel elements typically was characterized by 

=it: l  t c  ---a --arl.:iic .YI.-4. The:: variatinfis were fiat nearly as pronounced, haw- 

Flexcro s t r e n r l t h  cianges corresponded ;to t h e  

(Cm) Overall Core Average Performance (U) 

( C R D )  An overall core s m r y  o f  gross weight loss, gross mid-band and hot  end 
weight losses and visual data results i s  presented i n  Tables 5-7 and 5-8. Where 
possible, corresponding data obtained during the NRX-A5 post-mortem has been i n -  
cluded. The care average values for  cjross weight loss and pinhole freqiiency (p in -  
holes per element) i n  NRX-A6 elements were approxinately 50 percent lower than tne 
corresponding NRX-A5 values. 
i n  the 40 t o  50 incii axial reaim w h i l e  those i n  NRX-AS were i n  the 22 t o  25 inch 
and 38 to  41 i n c h  axial regions. 

Pinhcles i n  the VRX-A6 fuel elements typically occurred 

( C R D )  
inary  sampling r,f the NRX-A6 re iul ts .  
fuel elements appears t o  he approximately cne-tenth t h a t  of the NRX-A5 fuel elements. 
The hot end weight losses for  both NRA-A6 and W X - A S  fuel elements a re  of the same 
wder of magnitude. 
g r i t y  i n  the a f t  non-fuel t i p  region. Only 36 fuel elements exhibited corrosion i n  
the region of the t i p  jcints.  

The gross incremental weight loss data i n  Table 5-7 i s  based on a prelim- 
The mid-band weight losses o f  typical NRX-A6 

NRX-A6 demonstrated excellent corrosion Esistance and inte- 
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T A M E  5-8 
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G m s  rei 
e lePnts 5" 1549 NU-AS fuel elem?nts) ueighcd and includm data fm 1350 
i n tac t  and 216 bracen fuel eleaents- Cross v a l v s  are not corrected for 
mchanical effects of i n t e r s l e n t  bonding o r  f o i  1 abnmnce (IZSL). 
surface corrosim losses (VESL) o r  nolybdenu overcoat reactor blaubclr. 
The gross i n c m n t a l  wight loss values are based on 156 MU-M fuel 
e l e n t s  (126 NRX-A5 fuel elenents) representing a11 non-erpcrirmtal 
manufacturing origins and a typical radial  d istr ibut ion.  The 156 WRX-A6 
clerents were picked to correspond rad ia l l y  w i t h  the incrcllcntal data 
flvm WRX-As. 

t loss core awrape i s  based on a t o t a i  o f  1566 IRX-i?6 fue l  

Met algebraic correction t o  the core average gross w i g h t  loss per clcwnt 
(NSL). Corrtction ncc~ssrry due t o  the rechmical  ef fect  of inter-elc-  
ment batding w l l - o u t  (negative), i n t t r -e lemnt  bonding pu l l - in  (positive) 
and an t i - f r i c t ion  f o i l  adherence (prs'tiue). Net effect calculated fm 
visual est imtes prfomea on Y493 fuel elesents .  

Visual estimate o f  surface corrosion lass (MSL). bared on Me visual 
examination of 1493 Fael elements. 

Average based on 1493 fuel  e leants  examined. T h e e  tee 1138 WRX-A6 fuel 
el-nts w i t h  pinholes. There e r e  1082 WRX-AS fuel  elements w i t h  pinholes; 
however, only 1372 due? e1erPnb retxived visual exaainaticn i n  t h i s  re- 
actor. 

Percent of bearing ama m i n i n g  (BAR) on the e x i t  face. Based on visual 
examinations o f  the e x i t  face m 1324 fuel eleuemts. 

Percent of back or OD coating area remaining (CAR) b e d  C-I visual examin- 
ation o f  1493 fuel elemenis. 

C ~ r e  average loss per element o f  molybdenun overcoat froa the bores bw 
t o  reactor t e s t  blowdown. The pre-reactor t e s t  average aaolyb&nm weights 
mr elemnt  were: 

!% Coating Origin Avg. n0 

WNCO 
Y-12 
Overaff Core 

3.6 
3.1 
3.4 

dNolybdenwn analyses were wrfomd post-operationally on 20 fuel  ele-pnts 
a t  s i x  a x i a l  l o c a t i o n s  per elempt. The comparison o f  these results w i t h  
pre-reactor d i  s tri i x t i o n  indicates that the amount 
i n s  ii the coolant chansels o f  the NRX-Ah elements 
o f  le cre-reactor tevel- 

o f  molybdenum remain- 
was 5G : 10 percent 
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(CRD) 
the fol lowing expression: 

A core average bore weight loss per elemnt, 0, can be calcul8ted using 

where 
- 
SG = Care Average Gross Yeight Loss 
- 
!? = Average Algebraic MESL (Mechanical EstiwtE! of Scrface 

Y = Average Surface Corrosion Loss 

X = Average Mlybdenm Loss Due t c  Reactor Blowdown 

LRSS) Ccr rec t iw  
- 

- 

(CRD) 
average bore weight loss of a t y p i c d  NRx-A~ h e 1  element is approximtely 10.5 
grarr.5. 

(CRD) Matrix-Coating Batch Type Perfornance (E) 

( C R D )  Table 5-9 i s  a suanary o f  average gross weight loss, pinholes (PH), visual 
estimate of surface ?oss (VESL) and channel exposure (LEX) f o r  the various matrix- 
NbZ bow coat - rY0 overcoat types present i n  NRX-A6. The YW elemnts had both 
the lowest average gross weight loss and the lonest pinhole frequeacy data o f  a l l  
matrix-coat conbinations i n  tne core. Excluding experimntal elc-wnts, the worst 
perforning mattix-coating batch type i n  the NRX-A6 core, based on sverage 5ross 
weight loss, was the WYY combinatim, 4.1 grams higher than the YW average. The 
Y-12 KbC bore coated elements had pinhole frequencies approximately four times as 
great as the WNUI bore coated elements. 

Using t h i s  expression and the data i n  Table 5-7, an estinate of the overal l  

The average grass weight loss f o r  the various natr ix-coating types by 
Zcm radia! increments is presented i n  Figure 5-34. 
i n  the order of w i g h t  loss performance i n  t h i s  data conpared t o  that i n  Table 5-9. 

(CUI) itadial Variations (ti) 

(CRD) & rad ia l  d i s t r i bu t i on  o f  gross weight loss averages i s  presented i n  Fig- 
ure 5-35 f o r  NRX-P.6 and NRX-A5 fuel  elements. Radial variat ions i n  PH densities 
o f  NRX-A6 and NRX-A5 fue l  elements are presented i n  Figure 5-36. Both plots i l l u s -  
t ra te  the higher cormsion rate a t  o r  near the center o f  the core i n  both reactc7,  
but c7early ind icate the superior performance o f  NRX-A6. 

There i s  essent ia l ly  no cbange 

Figures 5-37 and 5-38 i l l u s t r a t e  the rad ia l  variat ions i n  the 0 t o  30 and 

The NRX-A6 averages do not include 
the 30 t o  52 inch i rwwnental  weight losses, respectively, f o r  representativ-. 
samplings o f  NRX-A6 and NRX-AS fue l  elements. 
exmrimental element data. The suDerior mid-band oerformance o f  the NRX-A6 fuel  

he elemnts !s imnediately evident, averaging 23.5 grams belaw the NRX-d5 value. 
NRX-A6 and NRX-A5 hot end average increlnental weight losses compare remarkably 
well  despite tne fact  t h a t  the NRX-A6 core operated a t  f u l l  power conditions t w  ce 
as long as the RRX-A5 core. 
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Figure 5-34. (CRD) Radia l  Distribut’on of Gross Weight Loss for 
Matri x-Coat i  ng Types (U) 
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(CRD) Peripheral Element Perfonarxe ( t i )  

I U D )  
element: (see Reference 41)  were again observed on some NRX-A6 peripherai e’ements 
(see Figure  5-39) The number of YRX-A6 peripheral elements having notch cowo- 
sion, ;ist:d i n  T, - 5-10, was much lower t h a n  observed i n  the N R X 4  experience. 
The data i n  this table rep-sents the typical axial range for  this pclenmnon as 
lying between 25 inches and t h e  coc-fuel t i p  (51 inches). 
appeared approximately 1 to  1-1/2 inch,os apart  i n  this range. 5y c d i n i n g  the 
data i n  Table 5-10 w i t h  a surmary 3f NRX-A6 peripheral fuel element performance 
(Table 5-?1), i t  can be demonstrated t h a t  higher weight losses and severe notch 
corrosion or stress (mechanicai and/or thermal) were produced i n  peripheral loca- 
tion; ariacent t o  t h i n  f i l i e r  strips. 
fuel e .  
corner, 
and was due t o  the cambined effects of the heat flow fm the core t o  the hot 
buffer f i l l e r  strips; and partiai unfueled elements, and the cooling effect of a 
h igh  ’oakage flow between the f i l l e r  strips a t  locations where s h i f t i n g  of the 
element f i l l e r  strips creates large flow gzps. 

(CRD) Deposition and Bonding Effects (U) 

( C R D )  Surface corrosion effects were m i l d  compared t o  those i n  NRX-A4 and NRX-AS. 
Tclis has been 2ttributed tG a more t i g h t ,  uniform e l m n t  b w d l f n g ,  improved radial  
power flatterliw and superior bore corms im performance. Inter-element bonding 
3 n  non-00-coated fuel elements was associated srith tne s o o t  and pyrocarbon deD0- 
s i t i o n s  ir: the 21 to  27 inch axial region. The difficulties associated w i t h  the 
remval of bonded e:ements f r m  the core resulted i n  wchanically-induced break- 
age of approximately 200 fuel elements. A rad ia l  d i s t r i b u t i o n  of Nt;X-A6 fuel 
element p u l l - o u t  (Figure 5-40) indicates a greater frequency of occmmce and 
more severe pullaut for this phenomer?on i n  the F and G cluster w s .  

Notch-type corrosion patterns similar t o  those observed on NRX-A5 fuel 

The individual notches 

This post-test analysis on t h e  peripheral 
nts shamd that this notching was due t o  t h e w 1  stress a t  the peripheral 
the fuel elements. This h igh  them1 stress occlj-red during startup 

(CUI Exprimental Element Perfcrmance (U) 

(CRD) A matrix-coating perfornarce s-mary of the experimentai elemnts is pre-  
se.ired i n  Table 5-9. 
5.3 v/o and Nb Resinate) and bore-coating experiments ( S  - Stavdard,  L- Low Tern- 
perature, and T - Ti!ick Hot End Coatings) cm be made. There wer 30 NbC na t r ix -  
additive ard 17 NbC matr’x impregmted experimental fuel elemer?ts .: NRX-A6. With  
res9ect t a  pinholing, surface corrosion and aft-end integrity, the perfomance o f  
these elements was sieilar t o  t h a t  of other NRX-A6 elements. 

Prelininaty comparisons between matrix-addi tives (25 v/o NbC, 

( C R D )  
i o s s ,  ari attempt has been made t o  estimate d weight .oss perfwmdilce index ( fk)  

In order t o  eliminate the radial and surface effects on e?ernect weight 
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for the experimental elements.* T h e  f for each experimental element wacJ estimated 
by dividing i t s  bore weight loss by th! core average bwe weight l o s s  a t  t h a t  
radius. A radial  d i s t r i b u t i o n  of the NRX-A6 average bore weight loss estimate 
( y o s s  weight loss minus VESL and HESL estimates) i s  presented i n  F igu re  5-41. 
The MESL corrected average weight losses for  the matrix-additive elements are i n -  
cluded for comparison. 

( C R D )  F igure  5-42 and Table 5-12 s m a r i z e  the f estimate matrix additive ele- 
ments. The Height loss da ta  inciicate t h a t  the expvrimental element performance 
was somewhat poorer than that of their radial neighbors o r  o f  elements w i t h  simi- 
l a r  coating nGstories. 

QCRD) Flexure S t r e n g t h  (U) 

( C R D )  
elements tested, is ?lotted i n  Figure 5-43. Tne average and range o f  flexure 
s t r e n g t h  for Quality Control testing o f  NRX-A6 production elements , representing 
a l l  fuel loadings and various manufacturing histories, has been superimposed on 
this f i g u r e .  
i n  flexure strength obtained from the post-aperational testing o f  56 fue? elements 
from NRX-AS .** 

The axial variation i n  post-reactor flexure strength, averaged f o r  the 79 

Also included i n  Figure 5-43 are the core average, axial variations 

(CRD) Flexure s t r e n g t h  changes frm the QC sverage i n  NRX-A6 were characterized 
by an increase i n  the cold end region, practically no change i n  the mid-band region 
and a decrease i n  the h o t  end region. With the exception of the cold end increase, 
these flexure strengths correspond t o  the ax ia l  variations i n  fuel element incre- 
mental weight loss. There is a dramatic difference be-lween the NRX-A6 and NRX-A5 
flexure data i n  the 20 t o  25 inch axial region where the higher corrosion damage 
and correspondingly greater weakening of the NRX-A5 elements occurred. 

( CRD) IL-- Cone- L t i  on5 on Performance 

( C R G )  
sion as sem i n  I - - . fe  5-13 fo r  the ::RX-A6 elorregts was a~~roximate ly  75 t o  CO per- 
cent lower than S a t  observed for the elements i n  the !!!?X-A4 and f!RX-AS reactors. 

i i i t k  the e*r.ebtion of some peripheral positions, the time rate of ccrro- 

* 
Normally, this i s  done after cwe average bore weight loss curves are calculated 
on a computer by a least-sqaares method. 

** 
The Quality Control average flexure strengths f o r  N R X - A 5  production elements was 
nominally about 13 percent lower t h a n  t h a t  o f  NRX-A6 elements; 280 psi for  NRX-A6 
production elements and 244 psi for NRX-A5 production elements. 
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TABLE 5-12 

(CRD) C‘JERALL BORE LEIGHT LOSS PERFORMANCE OF NRX-A6 EXPERIMENTAL 
ELEMENTS EASED ON PRELIMINARY ESTIMATES OF PERFOWMNCE INDEX (U) 

core 

2.5 v/o NbC 

5.0 v/o NbC 

Nb Resinate 

E Above Lore 
fw Estimate fw Range Average Performance 

- 1 .ooo - 
1.256 0.919-1 -569 25.6 

1.328 0 .?56-2.134 32.8 

1.219 0.844-1.865 21 -9 

5-93 



Astrcncclear 
Laboratory 

.-c-l NRX-AS (NOFhIALIZED TO 
A 6  r3.C. LEVEL) 

-e- NRX-A6 
1000 

0 I I 1 1 
I 

0 10 20 30 40 50 

AXIAL STATION - INCHES 612709-18 

Figure 5-43. (CRD) Ccre AvcrGge Axial Var i a t ion  i n  Flexure Strength f o r  
79 ii7,X-A6 and 63 NRX-A5 Fuel Lienients (U)  



Labor at or y 

TABLE 5-13 

iC i lOj  hKX/EST, NRX-A5 and NRX-A6 REACTOR COMPARISONS (U) 

Time a t  Fcll Pwer, minutes 

Chamber Temperature (TC)45800R, mimtes 

k. Cycles, TC225300R 

Average 24, grams 

A q .  KO. Pinho?es/Pinholed Element 

Percmt Elemnts w i t h  Chartnel Exposure 

Time Rdte o f  Corrosion ( f u l l  power), 
cjrams/mi nute 

NRXiEST 
30.3 

51.3 

6 

32.4 

30.7 

36.5 

: .o: 

NkX-AS 
30.01 

33 .O 

2 

27 .G 

12.7 

56.3 

0.90 

NRX -A6 

60.4 

64 .O 

i 

13 .1G 

6.5 

23.1 

0.22 

3 
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TABLE 5-14 

(CRD) COMPARISON OF NRX-AS and NRX-A6 ELEMENTS BY XNUFACTURER ( ! I )  

&RX-AS 
WAFF 

. -  .!.w 
Condi t i  on (gm) No. 

Intact 21.0 253 

Cne 6reak 40.1 409 

More than One Break 54.2 150 

Coinbi ned 36.6 812 

Condi ti  on 

NRX-A5 
Y-12 

I n t a c t  i 4 . 4  673 

One Break 29.3  56 

More than One Break 37.8 8 

Combined 15.8 737 

NRX-F5 
wwld 

-- 
t W  
(g'.. ., No. 

13.0 241 

14.9 27 

15.4 6 

'13.2 274 

NRX-A€ 
Y Y Y  

-- 
,id 
(gm) No. 

13.1 258 

13.5 43 

15.2 7 

13.2 418 



lahoralor y 

(CRC) 
re t iceably  lesq f requent  than had been observed i n  NRX-A4 a d  NU-AS, as d e w , -  
s t r a t e d  ir: -fable 5-13. 

P i n h c ? e  and coolarlt channe! t=?osure occurrences i n  NkX-A6 eiemects w-x 

\ C R D )  
e n 6  of KRX-A6 fuel elemnts was Pxze?!ent. The Bearing Area Remaining (BAR) and 
Coated Area Remaining (CAR! i n  the  50-52 ;nc+ region averaged appraxinately 95 
percent. 
m t e l y  30 elements. Pre l i s inary  2xaminations have not y e t  es tab l i shed  whether 
tqis corrosion can be a t t r i b u t e d  tr. a j c i n t  leakage protiten or  t o  externa? sur- 
face corrosfon effects on these elenects. 

In general ,  the cormsion performance and integriLy of the a f t  coated 

COrP3SiOn I x a l  t o  t h e  unfJr2ied t i p  j o i s t  region was observed on approxi- 

ICRD) 
addi t ives  and impregnated) w i t h  rad ia l  qeighbors shswei h,iGker gross w i g h t  lasses 
for the experiinentals. 
cari be a t t r i b u t e d  t o  overal l  poorer p e r f o m n c e  o r  are due t o  themal, o r i f i c i n g ,  
o r  coating batch effects- 

I n i t i a l  comilarisons of the w i g h t  losses of experimental e l e m s t 5  (%SC 

Studies i n  progress a re  expected t o  st..% i f  t b i s  d i f f P E n C e  

(CRlj! 
been a t t r i b u t e d  t o  local thermal and/or mchanica? stress problems. 

The higher weight losses observed f o r  ce r t a in  peripheral  Dos i t ims  has 

( 2 )  
6.nd radiochemical meas -ements were performed t o  detervine the f o l l w i n g :  

As ? a r t  of the post-operative evaluaLiw o f  the ?iRX-A6 reac tor ,  cheri5ca1 

C;) 
aca fuel Gr coating mater ia ls  as masured  by "Elephant Sun" s a q l E s ,  fa l l -ou t  
pa r t i cu la t e  s a q  12s , and "FROC" samples. 

k) 2)  Deterr.'r.at:on of rad ia l  and axial  f i s s i o n  d i s t r ibu t ions ;  t o t a l  number 
of fissions generated by grcss icn iza t ion  readiqs ,  3amna spectrum measumments, 
and radiochemical fissim product analyses performed on a nucbes of  frre? e l e m n t s .  

1) 9 t e m i n a t i o a  of corrosion and migration losses  of fission products 

(L) 
waszreroents on indivirfual fuel elements of m y  T s i o n s  of a s y m t r y  o r  cf ar.omalous 
behavicr ir;  the reac tor  cow (e.g., conditions zC unusual teqerature, incorrect 
uraniun; loading, o r  loss G f  fuel by hydrogen c o r r a s j m ) .  

(CZD) 4) Detenr,ination of nolybdenup, n i o b i a , ,  and uranium concentration as  a 
function of axial  posi t ion i n  an ele.mnt. 

3) ldent i  f i  cat ion by gross r-adi a t i  on measurements and tno-pbint gamna 

ic)  5: Cmparison of two-po'?t 5 ~ -  nd ax ia l  garma s;an data fcr de tec t ing  
h i s3  a igra t 'on  losses  (overheated efe .  .e-:, . 
c i j  
t a i l e d  discussion i s  provided i n  Reference 45. 

A sumary of the r e su l t s  of these neasL%raents are given below; a me de- 



Astronuciear 

Spa) Corrosion am! uiqratim Losses (2) 

The NU-% reactor tes t  series included b12 tnitial testing of two new (u) 
dev ices  i n  ar! a t t e a q t  t o  determine the type ard extrit o f  core materials m1easeC 
durfng t+le test run and ucon c o ~ l d m ,  Tne f i r s t  &vice. uhich i s  called the 
"Elephant Gun', collected gas arrd ctateout sam?es dutisg *e run. and indicated 
t!at there was very Tittle ccmsion during the f i rs t  23 m i n u t e s  of operation. 
and the release of aigratiag f i ss i tn  pmdxts t 3  the gas phase =as normal and Lfe- 
Ylb.c,- A'C+ahle. 
function cf tne s w - l i n g  q N r a * s -  

(CUD) 
f i t t e r  reactor outlet Zjas- 
irig r o o l d m  owratims t o  reduce contmina*ion and cubseawrttlj- cleango of the 
test cell pad. 
w i t h  ncrrinal f i l ters  w w u r < p g  less tnar! 2 R.~hour, T k  wrtizles t r a m d  by the 
f i l um varied b e b e e n  1 u ; d  300 min 'cms i n  size, k i t h  the rajority of oarticles 
i n  the range of '15 t o  T O O  ~icrons .  F chemical analgsi: indicated the naTeria1 
was wedwin,nt\y Nb (56 percrent j .  the rerrairtder &in5 gi-i&:i?e. utanim- !3 per- 
c e n t ;  and ao:yb-*nm ( - 2  wrcent;. Lse of tire F M G  fzr cm:,a~n was e x t ~ m l y  
bene*icial i n  reducing cmtaminatior: t o  the tes t  ce?t ,?rea5 and Dorsnit t iou clean- 
up weraricins t c  begin almst  iazediateiy aftor u;thdrawl of the t e s t  article- 

s - 1 ~ ~  wem nat stained over the complete m perf& d e  ?X a mal- 

The second &vice, which wits called 'FROC", ws a bmk of f i l t e r ,  t c  
These fitters were o?aced mer tke Tactor nozzle &r- 

Tw maxim activity cbservcd on m.y of these f i l ters  was 6 RbSW, 

[LrzC] Radfal and Axial Fission Clis t r ibut lop (Cornparisor. of Two-Point  Gama 2nd 
Axiai Gama Scan - (Uj 

{Cmf 
by the s r c s  ionrzatior; tecnnicue, rised i n  21: v-eviocs reactor t e s t s ,  and by a 
b o - o o i n t  gama s j s t m  emloyed fcr t h e  f i r s t  ti,* fw tqe IuPA-k€. 'Results of :!e 
bo-Doinr -rami sybter;: were i n  excellent a g r e e n t  k i t h  those frurr the gross i c 6 -  
zatrm tecnn'cue, fnrn tbe care center t o  about 41 cz; b e v  r. tee : a s t  few ccr.t:- 
nretsrs of tqe core indicated higher (by about 5 oercent) IrgF i27ues for the  twc- 
Do'nt gama? systw thar; &served by gross i o n i z a t i o r ;  techfiicjue. a cmirtisor: 
of gross g a m  m d  tm-point g a m a  radial disrr ihct icn i s  shown in F i 5 ; ~  5-44 Feet 
a normal sector of the core. 

FGTloting the N9X-k6 m e r  test, rad ia l  f i s s ' o n  dirtribctions wee measuwd 

tCR2) A maxiaurr fission density occurEd i n  the tesicr! frm 18-26 irlces frw 
tCIe gas inlet end o f  the fuel element;- The enhawerent i n  the f ission densit:. ,it 
the inlet end f o r  centrally located elernents re?!ative t o  oeriohera? e?enents WES 
as exwcted. Gross scalar datd  and 3a:'Ru ratios sh-xeci b o t  end fissior, prsduct  
sigratior: trends on -1enents Kt.fct.1 +,e bio-pci?nt g a m a  measammnts had imlicatec 
wfe ovemeated. 

(C2C) 
wre fc go& agreement w i t n  L:me aktained by a fxa-point game neti~od. 

Radial f i s s i o n  distri5utims wasured by the gross i o n i z a t i v  temnicue 
3ot eW.i 
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Figure 5-44. (CRD) Corr.parisor, of Gross Gama and Two Point 
Gama Radial Fission Distribution (IJ)  



c 
(Statim 44) tuo-point da ta  indicated the oresence of a feu overneated e l m &  i n  
the core. 3n several the 6 d 1 4  losses were sufficicllt t o  cause var ia t ion  i n  gross 
fon readings- None of the overheated eiements wrcr located i n  any one d e f i n i t e  
c ~ r e  n-gim but  *re sca t t e red  throughout the core w i t h  the majwi ty  located i n  
the A, B ,  and C c l u s t e r  areas .  3iscounting such anamlous elereqts, the d e v ; i -  
t i c n s  f o r  equ;..%lent core locations were as  experienced on HRX/EST and NRX-AS, 
a-e., 2 1-2 percent from C-38 cm w i t !  a maxim o f  z 3 percent a t  the sore 

ICRD) 

(CRC) 
frcm eight elements, irldicated nc wyferential lasses of either. No aid-band cor- 
m-im areas were found. 

Axia; Distr ibut ion of i j raniw,  Qiobiw. and Mlvbdentm (CRD) 

Uranium and niobim Qteninaticns, perfon& on 48 one- ind  pieces cut 

(CRC) lrblybdenun determinations,  OR 210 one-in& pieces cut froa: 35 e lemmts ,  
i nd ic r t ed  t h a t  the molybdenvr m i n i n g  on the elemwts was dependent upon the 
manufacturing history- Batci~ var ia t ions  were somuhat complex and are reported 
i n  Reference 39- 

(CRD) Energy Generated (U? 

{CRD? 
Pieces of the e h e n t s  were then sectioned and anzlyzcd f o r  M, Rb and l!. 
product analyses yere p e r f o m c  f r w  an additimal group of elements to c a l i b r a t e  
pmss ionizat ion ar.d ax ia l  g a m  data  i n  t e r n  of absolute  fissions. The tntal 
f i s s ions  generated were then detemiaed. 

(CRD) 
were proauced during a l l  runs of the NRX-A6 reactor .  
using the conversion f ac to r ,  3.24 x :@la fissions per s --tad equals 1 Watt; t h i s  
gave a pouer in tegra l  of 4.85 x 1012 natt-seconds, wh ic -  mared t o  ii corrected 
l i n e a r  pwer in tegra l  of 4.49 x 1012 Eatt-seconds (see -t - E 4-31. 

(W.! ENVIRONENTAL RADIATIW (U) 

Ganrsa s w c t r a  were mashred along the length of several  NRX-A6 elemnts. 
Fission 

Based upon radinchernical analysis ,  a t o t a l  of 1.5; - 0.07 x le2' f i s s i o n s  
In tenns o f  energy re lease ,  

(CRD) 
out  w h i c h  re-l i l ted i n  tne masurerent  of g a m  say dose r a t e s ,  f a s t  nei;tron fluxes 
( E  2.9 ME\'), and t5ermal neu t ron  fluxes (E  .. 0.4 eV) a t  146 locat ions external 
t o  the reactor .  Since the NRX-A6 was the f i r s t  o f  the NRX reactors  t o  be t e s t ed  
a t  Test Cell C, t h e  chilosophy o f  the dosimetry program was t o  obtain an extensive 
experimental mapDing of the radiat ion ewi r o n m e n t  of this ''new" configuration 
which  includes the 360 degree f ac i l i t y  sh ie ld  externa? t o  the reac tor .  

( C R D )  
method and f a s t  neutron f l u x  ( E  2.9 M e V )  based on the FASTER Monte Carlo method 
a t  most dosimeter locations a re  compared w i t h  h e  experimental tes t  data.  
dosimeter locat ions,  predictions and measvrewnts agree t o  w i t h i n  the uncertainty 
fac tors  quoted f o r  the predicted data.  

Quring the t e s t i n g  of the NRX-A6 reac tor ,  a dosimetry proaraa was car r ied  

Analytical predictions of the gama ray dose r a t e  besed on the point kernel 

A t  post  

5-101 



(UU)) 

and fission fo i l s  including Pu- , W 23f and U 
than 1@ k V ,  0.6 MeV. md "1.5 MeV, respectively. 

neutron flu data (E 

The pass ve bimetc). pngraa consisted of the dollorring: 

1) Nickel fo i l s  and syJ6"r cts fo f Jas t  n e u t m  flux data ( E  2.3 WV), 
fo i l s  for  n e u t m  energies greater 

2)  Sam and cadaim covered gold, copper and cobalt foils for them? 
C.4 eU). 

3) Thermolminescent dosimeters (TLD's) and cobalt glass plates for gam3 
ray dab. 

(CRC) 
important caloriaetric l aeaswenen t s  o f  heating rates a t  several locations external 
t o  the reactor. 
privy roof surface provided excellent correlation D f  gama ray dose rate w i t h  hy- 
drogen f l a t  i n  the reactor, and also a ccrrelation of gama radiation levels ob- 
t a i n e d  during lar p a r e r  and h i g h  poclrer tes ts  a t  t h i s  location. T h i s  information 
i s  s h m  i n  F igu re  5-45 where the g a m  d9se rate  fron! the d i r ec t  readout ion 
chanber is plotted as a function o f  Hydrogen Coolant Flow. A significant differ- 
ence, a factor of approximately 2, i n  the gama dose rate is s h m  between the 
cold flaw test data and t!!e f u l l  flow t e s t  for  t h i s  location. 

In addition to  the oassive dosimetry, the hRX46 dosimetry program included 

A d i rec t  readout g a m  ray ion chanber located on the test car 

(CRD)  
erences 12 and 22. 

A more detailed discussion of environmental radiation may be found ir. Ref- 

(u) BNEUNATIC ACTUATOR SIDE-BY-SIDE EXPE;iIMENT 

(u) The side-by-side actuator test was performed to  obtair! d a h  on 
of a radiatfon environment on the components and on the operation of a 
contml drum actuator similar i n  design to  actuators t o  be used i n  the 
engine. 

the effects 
pneumatic 
NERUA 

( u )  
assembly degradation due to  the integrated neutron flux and g a m  radiatiot;. A 
second objective was to  determine the effectiveness of the coolarlt gas flow and 
i ts  abi l i ty  to remove radiation induced heating. 

(u; Description o f  Test Setup 

(U) 
supply gas was regulated t o  a constant pressure of 215 psia and maintained a t  this 
constant pressure throughout the tes t .  
a regulati valve that was controllable from the control room. Both the helium 
drive and c,olant gas passed through an LN2 heat exchanger. The tmperature a t  
the exit  of this heat exchanger was on the order of 140"R. The coolant gas pres- 
sure and the electrical input and o u t p u t  signals t o  the actuator originated i n  the 

One objective o f  the t e s t  was t o  determine cmponent, subassembly and/or 

A block diagram o f  the tes t  setup is shown i n  Figure 5-46. The drive 

Coolant was supplied to  the actbator t h r o u g h  

5-1 02 
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control ?om and were varied luring the tes t  by the side-by-side Test Operator. 
The actuator experiment was mounted cn the tes t  car  inside the 360 degree shield 
next t o  the reactor a t  the = 180 degree posirion. The position of the pneumatic 
actuator side-by-side experiment with respe,t t o  the NRX-A6 reactor i s  shown i n  
Figure 5-47. Figure 5-48 i s  a drawing of thc actuator, pedestal and a simulated 
drum load enclosed in i t s  haus'ng. 

(U) This drawing shows external details o f  the actuator, pedestal and simulated 
drum load as we?l as showing instrumentation impulse lines, instruments and thermo- 
couples. 
pr ior  t o  the installation of tt;e enclosure. 
pzdestal, electrical control wires and many G f  %he instrurentation cables and i m -  
pulse lines are visible. 
accelerometers are ajso visible. 
same as the drawina of Figure 5-48 and can be used f o r  comparative ;urposes. The 
cmpletely assembled pneumatic actuatcr side-by-side tes t  fixture i s  shown i n  rig- 
:re 5-50. 
can be seen i n  this photograph. 
pluhing lines are shown. In  Figure 5-51 the t e s t  f i x t u r e  i s  shown minted on the 
tes t  car. 
while dosimeter packets SSA-2 and S A - 4  are hidden since they ?;e mounted diametr i -  
cally opposite t o  SSA-3 and SSA-5. SSA-I cannot be seen i n  ;-he photograph because 
i t  was located on the top of the t e s t  experiment near the l i f t i c 3  handle. 

(U) This actuator 
was upgraded with XE-1 parts t h a t  were considered to  be of a sensitive nature and 
t o  make the actuator as nearly like an XE-i as possible w i  thou% actually t e s t i n g  
an XE-1. The XE-1 parts instdlled were: 

A photograph of the instrumented actuator system is shown i n  F igu re  5-49 
I n  this pnotograph, the actuator, 

The Marman clamp, one (1 )  pressure transducer and several 
ThSs photograph is oriented approximately the 

The clamp t h a t  mounts the side-by-side experiment t o  the tes t  c8:- adapter 
Also, the electrical lcads, thenocouplzs and 

The dosimeter packets SSA-3 and SSA-5 can b2 seen i n  thc photograph 

The actuator  used f o r  this tes t  Wac a n  AG-20 type ac tua tor .  

1 )  Servo Valve 
2) Potentiomter 
3) Piston Rings 
4)  Solenoid Shut3f f  Valve 

( u )  The Shutoff Valve was o f  the new design t h a t  was retrofit ted into a l i  of 
the XE-1 actuators. The ac tua tor  was a7.cd lubricated using molybdenum diselepide 
as is used in the X E - I  unjts. i n e  o f  tile major difficult ies experienced with the 
preparation o f  this  tes t  was i n  adeqi!dtely instrumerting the actuator sn t h a t  
the tes t  would provide us2ful infortnation. Instal!iny thenoccugies fot this pur-  
pose proved t o  be a diff icul t  tac,lc. 
installed t o  reasure and provide zignals f o r  recording the following pressures: 

Pressure transducers and impulse lines were 

1 )  C o G l a n t  Pressure 
2 )  Drive Prcssure 
3 )  Cylinder No. 1 Pressure 
4 )  Cylinder No. 2 Pressure 
5) Exhaust Pressure 
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Thermocouples were i;rstalled 
as give temperature discriiw 

c r i  t i c a i  cornponefits as 1 
he actuator. Themocwples 

were ins+alled to measure the fol lowing temperatures: 

to give temperaturos of 
ion infomatiori across 

1 )  Coolant Temperature 
! Drive Temperature 

3)  Potentiometer Temperature 
4 )  Exhaust Temperattire 
5 )  Torquemotor Temperature 
6 )  
7 )  Lock Housing Tenperature 
8) Mannan Clt.np Temperature 

Cylinde- Yo. 1 and No. 2 Temperature 

i U) 
perctures a t  different p o i n t s  cn a compone,.t. 
were ins ta l le j  3 t  differeilt theta locations t o  measure the Mamm clznp tmpe 'atwe. 
Also,  temperiiigre a t  various locations wit:.iit the l sad  were recorded t o  assure safe 
operation. 
erometers were used t o  record lev=*s o t  shock and v i b r a t i o n  d u r i n g  testinr). 
meter packets vere mounted on the tinal assenbly. These dosimeters, SSA-1 20 SSA-5, 
were used t o  measure: 

i n  fm cases, more than one thenocouple was installed to measdre tent.- 
For exsmp:e, four ( 4 )  ?hetmCGJiIleS 

In addition tr, pressure and temperature measurements, three ( 3 )  accel- 
Dosi- 

1)  
2 )  
3) Gama dose 

Slow neutron integrated flux ( E  < 0.4 eV) 
Fast neutron integrated f l u x  ( E  z 2.9 NeV) 

In  addi t ior ,  t o  pressure, temserature, acceleration and d i a t i o n ,  the actuator 
performance parameters t h a l  wen? wasured and recgrded were: 

1 )  Position coman.4 signal 
2)  Actuator position signal 
3 )  Torquemotor current 

tu! Descripiior! of the Test 

[C) 
ment was performed. 
a t  various frequencies and the fecdback posi'lon was cornp>,~ed to  this i n p u t .  
freqtiency response was epeated while the  reactor was a t  f c l l  power and a g a i n  o f - e r  
the reactor was shutdown, In a d d i t i o n  t o  the frequsncy response, the following t e s t  
sequence was initiated ap7roximately 15 minutes prior t o  reactor startup: 

3 . 5  min .  

Prior t o  operation o f  the reactri.. a closed loop frequency response W ? S I J W -  
-' .?r A 4 degree peak-to-pedk i n p u t  compand WCYS given tr; t h e  a. 

Sinusoidal i n p u t  of 4 degrees p-p a t  3 Hz while itctuE-.w vts, positioned 
a t  90 degrees 

0.5 min. Scram, lock and reset 

5-1 11' 



c.5 Qi:n Scrm, la&. and reset 

0.5 rain. Scrw, lcck and -set 

G.5 min. Scram, ? ~ k  and reset 

I :J! j .  t 

(iJ) 
taken &fore. during and after +he t e s t .  
between i h e  n r e - ~ n  t e s t  aad thz f u l l  power tes t .  Tne test m+tfum!d a f te r  the 
rAactor r:* exhib i ted a? {qc-ased bar,&< ‘zca whic.? is icdicative o f  a reduct’m $2 
fri t t i  08 af ihe pi s tc3 ri ngs 

Test R e s u l ~  

The olat ir, Figure 5-52 ~ k w s  the three ( 3 )  clcsed I,aw frequency resr ;3~es  
Very ? i t t l c  change i r r  performance ct 26 

i;) 
a r?.al-4r:ctioning ;peed cmtwol  an the Smborr! recorders made i t  i tmossib je  t o  seo- 
3rate V = ad;acept cycles su f f i c i en t? )  tc. obta in  3hase s h i f t  i t t f omat i c r .  Evalba- 
t ion o f  the clorfclmnce data shcws tha t  the actuator can be safe ly  used tc drive 
tht. cxfmi  d r u , . ~  on the X’, reactc?rl, 3rd t h a t  t+e r jd ia t ’or .  ?eveis experienced 
were a t  a b w t  the levels predicted for me ii aFd E C-ve!osnrent reactors.  

A l t h o q h  the data %as adequate t o  D ~ O V ~ Q  accui-atr atrenuation information , 

( J 1  
r x s t o r  f u l l  Dower r1-1 are sh,m in Figure q-53. In general, Vie caolant presswe 
was r e d u a !  i.: coct;‘o;led increments durit;a reactor f u l l  c a e r  o o e r a t i m  ta obtain 
in te rna l  temperature d i s t r i b u t i o n  as a +ur,ction c f  the cool ing pressure. One 
s i g n i f i c a r t  difference wtv-en t h i s  t e s t  and XE and R type tes ts  ( h e r e  the act-  
L a t o r s  w i  I De mounted o~ t h e  Dwssure vsssel or external  shie!d) is  the Goolart 
t m p v a t v 2  as i t  enters A:e actuatorc,. 
creexpectsd t o  be very r m r  dome temperatrrrr 3 r  aboK+ 21?“R a t  flil? power. 
actuator side-by-sid? 
w a v u p  cf coclant i n  : t. zide-by-side t e s t  i s  due t o  tne v l a t i v e l y  l?,ig run bs- 
tween ?3e L!i2 heat exdmger and tw in!et t o  t h e  actuator.  The rloselv cmpied  

A s m a r y  r l 9 t  o f  actuator ternerat i i res and ct lc lant  p e s s u r e  dur icg the 

Cooldnt temperatures on XE and P t es tJ  
T ie  

-:’ant teinperature was ;n the order o f  4G0 t o  45Q”R. ?hi: 
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XE and R tests will e l i ~ i n a t e  this warm-up. Even w i t h  t h 2  relatively warn. coolant 
gas tetqeraturz (450'R) and the experimentally Icw coolant pressures (550 p s i )  
none of the component temperatares exceeded allosiable limits. T h i s  gives s t rong  
euidecce of thz adeadiacy of the actuator cocjlant flow. 

(!J) A plot of tf ic gamna dose received by t'le side-bv-s'de exwriment is shown 
i n  Figure 5-54. These curves were clotted lrsing data obtained fm t h e  dosimeter 
packets mounted directly on tne experiment contairter, Frcv the f i g u r e ,  i t  can be 
seen that the actuator experienced a heating rate on VIP order of 93 to  116 katts 
l b .  
imately q u a l  t o  tpe g a m  do$e predicted f o r  tee R 2nd E reactors. 
the fact ne?rtm f?ux obtiziried by ~ 5 ; s ~  dosineter data !s shorn i n  F i g u r e  5 -  

This exceeds the exmcted XE g a m  dose by a factcr o f  about 250 and i s  approx- 
h S l o t  of . 

i n  the dicinity o f  tne actuator was Setbleen 0.1 and C - 2  a 1C I F  
about 100 gi-eater than predictec f i e l d  f c r  +,ne YE a c t s t o r 5  locatec 
Q. A sir;t;lar Dlot stwing slow neutma f l u x  is Prqertec  in Fig -  
slw neutsor, flux levels nere bet nee^ 3 ditd 5 x lCiC Q/& a t  Lie 

?he flux f ie la  
n:cr2 & i c h  i s  
btove the shie 
ure 5-56. The 
actuator. 

ii;) Fo i  low ng tne test .  the side-by-side 9r,eiratic actuator kzs c m l e t e i y  
d i s a s s m ? e d  and photographed j r~  search o f  aoy radiiit'oq c3~reC damge. 
functions were observed during perrfcrmance and no uwscral e a r  or damage t c  internal 
components ra: detected U D ~  I disasrenbly. 
oqly 3 few are  presented k r e .  Toe views selected a- o f  thcse cwone t s  f e l t  t o  
be of the m s c  cr i t ical  n a t u r e .  F i s h r e  5-57 shms the tomuemtat-, solder points,  
iedd w ; ~ e  and miscellaneous servo valve corngorients. Thz photograp+ ir; Figure 5-56 
shows the lock ind ica t ion  switches, soldei- connections, wires and the lock and lack 
shut-off valve in t f e  hackground. A vieh cf t ! e  tqree deck x t e n t i m t e r  again 
shrwing t!!e solder Doiqts, kCre and icsutating sk2ves ;s s rksn tn Figure 5-59. 
The las t  ohoto oresented, F igure  5-62, s h c ~ s  the PI pistnr. and rack assediy ,  t h ~  
B2 pistcn and at1 tne r i s tan  , - i q L .  

%a ; ~ 1 -  

f,? thoug? mny shotcgraom wcre taken, 

( G I  Con c 1 us i on 5 

( G i  The meurstic contici drum actdatcr h i l l  wrfer?. a: iesiqned while under 
the influence of  8 radiation f i e l d  (and a f te r  being subjected t o  an integrated 
sadiatiop f ie ld)  well i n  excexs of the XE oredicted field an3  aooroxiniately e,bi- 
valent t o  t r a t  ernected on the Fi rzactor and E engine tes t s .  The cgolant flow 
t o  t - e  x t u a t a r  which was designed w i t b  the FtG heating rztes c f  3% watts/lb as a 
parameter are higher than are requireo fo r  beating rates exoected on the XE. R 
and E programs which 2- predicted t o  b? O F  the order cf 125'cr'irtts/lb maxinumi. 
Coolant f?ow could probably be reduced and 3s ?ore experience is obtained t h i s  
nadificdtior: wi 11 5e -ansidered. 
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Figure 5-54. ( U j  t.IRX-A6 Side-By-Side Actuator Gama Pose (U) 
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Figure 5-55. (U> NRX-A6 Side-By-Side Actuator 
Fast Neutron Flux 
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